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ABSTRACT
MIXED METAL OXIDE NANOWIRES VIA SOLID STATE ALLOYING
Veerendra Atla
July 27, 2021
Mixed metal oxide materials with composition control find applications in energy
conversion and storage processes such as heterogenous catalysis, photoelectrochemical
catalysis, electrocatalysis, thermal catalysis, and lithium-ion batteries. Mixed metal oxides
and/or complex oxides with composition control and in one-dimensional form as nanowires
could be interesting to various catalysis applications due to control on single crystal
surfaces, active sites, acidity versus basicity site density, and oxygen vacancies. The major
challenge is to synthesize mixed metal oxide nanowires beyond binary oxides with
composition control. In this dissertation, solid state alloying of binary oxide nanowires
with solid and liquid precursors is studied to obtain mixed metal oxide nanowires.
Solid state alloying studies were conducted using either solid precursors of
hydroxides or liquid precursor of nitrates mixed with the already synthesized binary metal
oxide nanowires, dried and solid state diffused under inert atmosphere to achieve the
ternary mixed metal oxides or solid solutions of mixed metal oxide nanowires. First and
foremost, porous nanowires of binary oxides have been found to be more beneficial for
alloying experiments. Several experiments using different precursors and solutes into
commonly available binary oxides such as Zinc Oxide (ZnO), Alumina (Al2O3) and Titania
vi

(TiO2) were conducted to understand the underlying mechanism. Alloying elements
included copper, zirconium, cobalt, nickel, and alkali metals. Experiments suggest that the
alloying into nanowires were uniform irrespective of the uniformity of contact with
precursor. Results also yielded higher solubilities of solutes into nanowires compared to
those predicted from solubility in bulk materials. Specifically, the solubility of solute
copper obtained is more than 8 at% for titania and alumina nanowire materials. Based on
the thermodynamic phase diagram, this solubility is beyond the thermodynamic bulk
solubility for these materials at these process conditions. Extended solubility could be
potentially attributed to the available higher surface energy at nanoscale, surface free
energy minimization, and thermodynamic stabilization. A mechanism is proposed for
alloying with nanowires which suggests that the reaction of precursors with metal oxide
nanowires is necessary for solute’s diffusion and alloying.
The electrocatalytic behavior of porous tin oxide nanowires was investigated using
electrochemical reduction of CO2 to formate. It is concluded that the high-density grain
boundary on the nano wire structure is a primary factor in the observed enhancement of
the selectivity, rate of HCOOH formation, and associated minimization of the H2 evolution
reaction during the electrochemical reduction of CO 2. Formic acid formation begins at
lower overpotential (350 mV) and reaches a steady Faradaic efficiency of ca. 80 % at only
-0.8 V vs. RHE.
Nickel alloyed titania nanowires were tested for the effectiveness of single atom
catalysis in a dry methane reforming (DMR) application. The activity of nickel alloyed into
the titania nanowires displayed superior performance with 96-97% and 83-86% for CO2
and methane conversion, respectively, with no coke deposition after 50 hours. In
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comparison, the nickel supported on titania nanowires exhibited catalyst activity of 98
those predicted from solubility in bulk materials. Specifically, the solubility of solute
copper obtained is more than 8 at% for titania and alumina nanowire materials. Based on
the thermodynamic phase diagram, this solubility is beyond the thermodynamic bulk
solubility for these materials at these process conditions. Extended solubility could be
potentially attributed to the available higher surface energy at nanoscale, surface free
energy minimization, and thermodynamic stabilization. A mechanism is proposed for
alloying with nanowires which suggests that the reaction of precursors with metal oxide
nanowires is necessary for solute’s diffusion and alloying.
The electrocatalytic behavior of porous tin oxide nanowires was investigated using
electrochemical reduction of CO2 to formate. It is concluded that the high-density grain
boundary on the nano wire structure is a primary factor in the observed enhancement of
the selectivity, rate of HCOOH formation, and associated minimization of the H2 evolution
reaction during the electrochemical reduction of CO 2. Formic acid formation begins at
lower overpotential (350 mV) and reaches a steady Faradaic efficiency of ca. 80 % at only
-0.8 V vs. RHE.
Nickel alloyed titania nanowires were tested for the effectiveness of single atom
catalysis in a dry methane reforming (DMR) application. The activity of nickel alloyed into
the titania nanowires displayed superior performance with 96-97% and 83-86% for CO2
and methane conversion, respectively, with no coke deposition after 50 hours. In
comparison, the nickel supported on titania nanowires exhibited catalyst activity of 98100% and 55-58% for CO2 and methane conversion, respectively, for over 50 hours with
deposited carbon on the catalyst surface and sintering of nickel particles observed.
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In summary, ex-situ alloying of binary oxide nanowires could be used for producing
mixed metal oxide nanowires at larger scale. Mixed metal oxide nanowire materials could
present model systems for accelerated discovery of new materials and compositions for
various catalysis applications.
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CHAPTER 1 INTRODUCTION
Motivation for the mixed metal oxide nanowires
Chemical and materials sciences have mostly focused on unveiling the scientific
aspects of structure-function relationships with the aim of achieving the targeted property
or processes by modifying the material atomic arrangement. A U.S. Department of Energy
report states that “Chemical and materials sciences have traditionally focused on
understanding structure– function relationships with the goal of predicting where the atoms
should be placed to achieve a targeted property or process. Much less effort has been
directed toward a predictive science of synthesis— understanding how to get the atoms
where they need to go to achieve the desired structure”1. Advancement in predicting
materials by design is needed to make progress in this field. One of the ways to achieve
this is by controlling composition in materials and designing the interfaces at nanoscale.
Mixed metal oxide or complex oxide materials with composition control would allow for
tuning various properties such as acid-base redox properties, electronic conductivity, ionic
conductivity that arise from charge imbalance, vacancies, defects, and other synergistic
activity of the complex structure.
Mixed metal oxide materials have applications in heterogenous catalysis,
electrochemical energy storage, energy harvesting (solar cells), superconductors,
thermoelectric, purifications and separations, and gas storage2, 3. Few examples include the
following: super conducting oxides such as Sr2RuO44, photo electrochemical conversion
1

using the complex metal oxides BiVO45, SrTiO36, electrochemical energy storage with
lithium nickel manganese cobalt oxide and lithium titanate materials7, 8, in heterogenous
catalysis LaFe1-xCoxO3 mixed-oxide for combined methane reforming, Ni/Mg–Al mixed
metal oxide catalyst for steam reforming of ethanol, and FexCe1-xO2 mixed metal oxides
for N2O decomposition3. The composition control in mixed metal oxides combined with
morphology control in nano dimensions would offer new opportunities to discover new
materials for advancing various energy conversion and storage technologies.
In particular, nanowires a new class of materials with one of the dimensions ranging
from 1-100nm have received special attention due to their interesting physical and
chemical properties over their bulk counterparts9. Much of the research on nanowires dates
back into 1964, in BELL LABORATORIES to the discovery of nano whiskers by using
vapor-solid-liquid method

10.

Since then, there has been significant development of

nanowires for various fields of science and technology. Nanowires have been synthesized
and assembled with specific geometries, hetero junctions, and architectures with the
applications in electronic, photonic, biomedical, energy conversion and storage
applications11-15. Nanowires are extensively used in the thermo electrics for the low thermal
conductivity arising from strong boundary phonon scattering. Also, nanowires find
applications in solar to fuel conversion because of their high surface area, tunable bandgap,
and efficient charge transport and collection. Nanowires also find application in energy
storage batteries since they could maintain electron transport along the long axis and have
confinement effects across the diameter. Nanowires are a particularly promising bio
interfaces, given (1) their unique optical and electronic properties and (2) their high degree
of synthetic control and versatility16.

2

However, it is important to design/modify physical, chemical, thermal, and
catalytic properties of the nanowires for improving their efficient use

17-19.

One

dimensional nanostructure with control of composition would play key role in control of
surface reactivity, selectivity, and efficiency for catalysis applications, electron, or hole
transfer barriers at the interfaces in energy harvesting, electrical conductivity, and thermal
conductivity control in thermo electrics, control of surface area, network connectivity,
crystal structure, redox activity, and electrical conductivity in energy storage applications.
Particularly, compositional tunability of the mixed metal oxide nanowires is used for
introducing the oxygen vacancies, structural defects, to change the binding energy of the
active sites and tuning acid-base sites on the exposed active facets along with the unique
structural characteristics of the nanowires

20-22.

Mixed metal oxide nanowires with highly dispersed metals at atomic scale could
provide the synergistic interactions that are not possible with traditional metal supported
nanowires. Traditionally, industrial catalysts were prepared by dispersing metal particles
on high surface area support for the efficient use of the active sites. Most of these supported
catalyst materials undergoes sintering at high temperatures by particle migration/
coalescence or by Ostwald’s ripening. Catalyst activity deteriorates as the reaction
progresses 23. Mixed metal oxides nanowires, on the contrary, offer atomic level dispersion
along with single crystal faceted surfaces, large surface area, and a uniform surface offering
active site management for higher selectivity and conversion. Furthermore, metastable
mixed metal oxides are yield enhanced kinetics relative to the stable mixed metal oxides.
For example, for the reduction of nitrobenzene on La 0.8Sr0.2FeO3 activation energy is 73.9
kJ/mol compared to the stable oxides LaFeO3(88.9 kJ/mol), SrFeO3(84.4 kJ/mol)
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activation energies24. Lower activation energy means the better catalytic activity. Figure
1.1 shows the surface energy increase with the reduction in size. Quantum confinement led
to changes in physical and chemical properties, also the size reduction increases the
unsaturated coordination environment of the metal species. Hence, the surface energy
reaches the maximum and is highly reactive to the adsorbates and chemical species.

Figure 1.1. A) Schematic showing the changes in surface free energy and specific activity
per metal atom with metal particle size and the support effects on stabilizing single
atoms B) Metal single atoms anchored to (a) metal oxide, (b) metal surfaces, c)
graphene (adapted from 25)
Mixed metal oxide nanowires (more than one metal ion) would be a good
supporting material to anchor the highly dispersive atoms. The surface of the nanowires
can be functionalized with active metals by annealing or functionalizing with different
chemical moieties to tune acid/base properties of the catalyst. Using single crystal
nanowires as model systems, one can design high performance catalysts and define both
activity and selectivity through designing uniform density of active sites and surfaces with
composition. Furthermore, metal oxide nanowires when used in industrially relevant
formats such as extrudates and coatings on high surface area supports can still exhibit high
density of single crystal surfaces and high density of active sites for improved selectivity
and activity with a particular chemical reaction.
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Mixed metal oxide nanowires selectively used in electro chemical and heterogenous
catalysis reactions such as high catalytic performance for CO oxidation to CO 2 was
achieved in ceria nanowires by alloying with the foreign metal (lanthanides) on a selective
facet. Higher activity is attributed to the formation of high-density oxygen vacancies and
enhanced the mobility of oxygen from bulk to the surface of the active facets of the alloyed
ceria NWs

26.

For bimetallic CuSn nanowires (NWs) used for electrochemical CO 2

reduction reaction with a higher formate selectivity of 90.2% at -1.0 V vs RHE. Superior
performance is ascribed to the Sn atoms doping on CuO (111) facet as well as the selective
adsorption of intermediates on the nanowire support to suppress the hydrogen evolution
reaction 27. Ti-doping hematite nanorods exhibited excellent repeatability and durability. It
was found that the Ti alloying in hematite nanowires promoted the band bending, increased
the carrier density, and improved surface state. Eighty percent of the fabricated
photoanodes reproduced the steady photocurrent density of 1.9−2.2 mA/cm2 at 1.23 V vs
RHE at least 3 h in a strong alkaline electrolyte solution28. The catalytic oxidative coupling
of methane (OCM) on transition metal doped titania nanowire catalysts was performed and
they found that alloyed nanowires seemed to improve the catalytic activity and selectivity
for OCM reaction to convert methane to C2 products. The electric and optical properties of
nanowires were tuned to attain the higher catalyst performance21.

1.2 Synthesis of mixed metal oxide nanowires and limitations of state-of-theart methods
Currently, research scale binary metal oxide nanowires are synthesized by using
bottom up approaches such as vapor phase synthesis 29, solution phase synthesis30, metal
catalyst assisted laser ablation technique, and template-based methods19, 31. Top-to-bottom
approaches for binary metal oxides include metal assisted chemical etching and electron
5

beam lithography 9. The bottom-up approaches binary metal oxides use vapor-solid-solid
(VSS) and vapor-liquid-solid (VLS) methods with a foreign metal as catalyst to control
one-dimensional growth32-34. Many of the above-mentioned techniques are not scalable
beyond gram scale. In the last few years, there has been a significant progress with scaleup of production of binary metal oxide nanowire materials such as TiO2, SnO2, ZnO, WO3,
Al2O3, MoO3, MnO2, Fe2O3 systems using the dry manufacturing of nanowires 35, 36. Binary
metal oxide nanowires using the low melting point metals are synthesized by thermal
oxidation of the corresponding metal precursors. Metal powders are exposed with highly
excited plasma or hydrocarbon flame in a fluidized bed. For high melting point temperature
metals, metal powders are mixed with salts and then exposed to plasma flames termed as
solvo-plasma method 36.
The scalable synthesis methods of binary metal oxide nanowires may not be used
to synthesize mixed metal oxide nanowires. Direct oxidation of mixed metal precursors
produces a segregated mixture of binary metal oxide NWs (nanowires). This is because of
the difference in melting points of the metals and their varied affinity towards the oxygen.
Individual binary oxides grow out as separate oxide phases from molten melt. On the other
hand, solvo plasma method needs to form a molten alloy of alkali with the respective metal
precursors. The metals with tendency to form molten alloy with the alkali will grow faster
than the other leading to the separate oxide nanowire phases. Both above methods are
unsuitable for synthesis of mixed metal oxide nanowires.
There are few studies on synthesis of stable phase compositions of certain mixed
metal oxides using template-based methods for ZnFe2O4, NiCo2O4 and ZnCo2O437-39. There
have been attempts at making mixed metal oxides using both in-situ and ex-situ synthesis

6

method. In the case of in-situ techniques, the solute or alloying species are introduced
during the synthesis of mixed metal oxide nanowires. In the case of ex-situ techniques,
solute or alloying species are alloyed with the already synthesized nanowires. In-situ
synthesis of mixed metal oxide nanowires were reported in literature by using template
directed synthesis

37, 38,

vapor phase40, 41, solution-based42, 43, hydrothermal26 and ex-situ

methods20, 28, 44, 45. However, in-situ synthesis methods exhibit limited success with range
of composition control. Vapor phase methods are based on nucleation of alloy species with
the metal catalyst and the supersaturation of species in the molten mixture lead to the
formation of nanowires. However, uniformity, scalability, use of metal catalyst, substrate
choice at higher temperatures and most importantly achieving the higher solubility were
hindrances to this method. In solution-based in-situ synthesis, sol-gel method is based on
the nucleation of precursors followed by hydrolysis and condensation of ions to form oxide
NWs. In molten salt-based solution methods, the higher amount of salt concentrations
assist in achieving the eutectic temperature and higher mobility of ions in the presence of
salt. In these techniques, the reaction conditions such as PH, viscosity and solvation of metal
ions seem to impact the production of mixed metal oxide nanowires with composition
control. Hydrothermal methods were based on metal ion complex formation followed by
supersaturation lead to the growth of nanowires, alloyed metal ions coprecipitate with
hydroxide ions. It is also possible that the alloying elements may possibly be incorporated
after nanowires of stable phase compounds formed like the ex-situ procedure. It has been
observed that structural changes, no control over the phase or morphology, smaller
quantities, high pressures, and longer reaction times (at least 12-24 h) are the impedances
to this method. In the wet chemical techniques such as hydrothermal and solvo-thermal,
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the underlying mechanisms responsible for one-dimensional growth are also not well
understood.
Ex-situ alloying of the already synthesized nanowires is a viable option for
scalability and enables independent control over the amount of solute to be alloyed. Earlier
studies on ex-situ solid state diffusion of precursors into the nanowire has been studied for
TiO2 nanowires alloyed with MnOx and ZrOx, iron oxide nws alloyed with TiOx solute
phases20, 28. These studies used an atomic layer deposition (ALD) technique to deposit
solute phase uniformly on the surface and allowed solid-state diffusion into the nanowires.
However, the process of ALD is not an easy technique for scaling up for nanowire powders.
Also, ex-situ sol-flame synthesis of TiO2 nanowires with W and C co doping, a sol-gel
liquid dip was used to coat the precursor material on already synthesized nanowires. Dip
coating lacks control over the coating of the precursor material. Though the flame process
accelerates the diffusional process, this method uses sol-gel precursor as solute that was
prepared by multistep process and the pristine nanowires are also made by non-scalable
hydrothermal method. The results show the surface to bulk concentration gradient along
the diameter of the nanowires. Also, high energy based molecular beam epitaxy and metal
vapor vacuum arc (MEVVA) has been used in the synthesis. These methods have
disadvantage of using high energy beams or electrons that destroys the NWs structures and
non-uniformity in alloying.
Mixed metal oxide nanowires synthesized by current state of the art ex-situ and insitu synthesis techniques lack uniformity in alloying and are difficult to achieve the
controlled composition in alloying. Lack of understanding on the solid-state alloying of
nanowires with other solid/liquid precursors makes it difficult to scale up and expand the
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techniques for other complex oxide systems. Solid state reaction in the bulk materials is a
common synthesis method to obtain the thermodynamically stable/meta stable products
from reactants treated at high reaction temperature for longer times. Solid state reactions
are intrinsically slow because of inhomogeneous mixing at the atomic level, so liquid or
gas phase transport needed to get homogenous mixing of reactants. Usually, several hours
to days are required to undergo complete reaction46. Factors that affect the solid-state
reaction are chemical and morphological properties of the reagents including the surface
area and free energy with the solid-state reaction. Also, it depends on the temperature,
pressure and the environment of the reaction47. These limitations/factors that hinder the
solid-state alloying in bulk materials could be solved by using the highly porous
nanomaterials as solvent phase and liquid precursors as a solute phase to achieve the
uniform and controllable alloying in nanowire morphology. The limitations of size,
homogenous mixing and surface energy states are very favorable in high surface area nano
structures to obtain the desired solid state diffusion reactions.

1.3 Proposed method for the synthesis of mixed metal oxide nanowires
Here, this dissertation work focuses on studying an ex-situ alloying concept using
liquid and solid precursors for alloying elements with porous nanowire and nanostructured
materials. Solid state diffusion in nanostructures is highly favorable due to the nanoscale
species, increased defects, higher surface areas and higher exposed surfaces. A simple
scalable method shown in Figure 1.2 is proposed for producing mixed metal oxide
nanowires by overcoming the challenges with the synthesis of mixed metal oxide
nanowires. This concept uses solid state diffusion of solute species into the solvent phase
of the nanostructured materials. Ex-situ modification of already synthesized nanowire
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material by mixing with liquid or solid precursors, followed by drying and solid-state
diffusing into the nanowires under the inert/vacuum atmosphere. The solute species forms
a uniform ultrathin discreet nanosized layers on the surface of pristine nanowires and the
solute atoms are solid state diffused into the pristine nanowire under inert environment that
produces the mixed metal oxide nanowires.

Figure 1.2. Schematic showing the proposed process of solid-state synthesis method for
the mixed metal oxide nanowires with solid/liquid precursors
There are many unresolved questions about solid state alloying with nanowire
systems prior to rationalizing the proposed approach for making mixed metal oxide or even
complex oxide nanowires from binary or stable compound nanowires.
1. Mechanism of alloying – the reaction between the metal oxide nanowires and the
precursor and the diffusion of the alloying element. Whether uniformity of
alloying inside a nanowire controlled by the uniformity of coating over nanowire
with precursor
2. Is the alloying composition control is governed by bulk equilibrium solubility
limits for nanowires?
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1.4 Objectives of dissertation
The overall goal of this dissertation is to develop a method for producing mixed metal
oxide nanowires from binary metal oxide nanowires. Understanding the formation
mechanism of the porous binary metal oxide nanowires and mixed metal oxide nanowires.
Applicability of proposed mixed metal oxide nanowire synthesis method for the other
systems of mixed metal oxide nanowire and the applications of synthesized mixed metal
oxide nanowire materials in heterogenous catalysis and electrochemical catalysis reactions.
The specific objectives of the dissertation are the following:
Investigate the production of porous nanowires using solvo plasma
techniqueTM and other wet chemical techniques. Control of the process
parameters for the binary metal oxide nanowires such as temperature and
acid concentration on the porosity changes in the binary metal oxide
nanowires.
Understanding the mechanism of pore formation in various nanowire
systems and its’s applicability to the other nanowire systems
Investigate ex-situ alloying of porous and solid binary oxide nanowires using
various alloying elements. Specifically, study alloying into common binary
oxide nanowires such as titania, alumina and zinc oxide using both solid and
liquid precursors. Understand the mechanisms involved.
Understand the solubility and uniformity of alloying in nanowires.
Study the performance of porous nanowires and alloyed nanowires with catalysis
applications. In the case of thermal heterogeneous catalysis applications, study the
effectiveness of single atom catalysis with nickel alloyed titania nanowires in terms of
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preventing coke formation in reforming applications at high temperatures. Propose a
mechanism for the dry methane reforming reaction on the nickel alloyed titania nanowires.
This thesis research is focused on understanding and rationalizing ex-situ alloying
of nanowires with various solute and alloying elements to create mixed metal oxide
nanowires. The dissertation explores the possibility of generalizing the method for various
metal oxides. The development of this method allows wide range of opportunities to
synthesize various to mixed metal oxide nanowire systems that potentially could be used
in various applications of energy conversion and storage processes.

1.5 Organization of dissertation
This dissertation is divided into eight chapters.
Chapter 1 introduces the importance and potential applications of nanowires. The
challenges and limitations of current methods for the synthesis of mixed metal oxide
nanowires.
Chapter 2 includes the background of state-of-the-art methods for the complex oxide
materials, binary metal oxide nanowires and the limitations of state-of-the-art methods
used for binary metal oxide to synthesize the mixed metal oxide nanowires. The current
methods in literature used for the synthesis of mixed metal oxide nanowires and their
disadvantages. The growth-related mechanisms of mixed nanowires have been discussed.
Also, the role of Gibbs free energy of mixing at nanoscale and identifying the favorable
solubility limits with the Hume Ruthorey theory is presented.
In chapter 3 the synthesis of materials and methods here studied are discussed. The
methodology and characterization techniques used for the current work are explained.
Vacuum furnace and other equipment used for the solid-state diffusion is discussed here.
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Also, the testing equipment used for both the electrochemical CO 2 conversion and packed
bed reactor used in the DMR (Dry methane reforming reaction) is discussed here.
Chapter 4 focusses on the development of methods for the synthesis of porous binary metal
oxide nanowires such as titania, tin oxide, and alumina NWs and the study of parameters
effecting the porosity in the nanowires. A proposed mechanism for the pore formation is
discussed.
Chapter 5 presents the synthesis of mixed oxide nanowires using the solid-state diffusion,
their characterization to identify important structural parameters, generalizing the method
for the other nanowire systems and possibility of alloying with other metals. The systems
of copper alloyed titania NWs, copper alloyed alumina NWs, cobalt alloyed zinc oxide
NWs, and zirconia alloyed titania NWs are studied. The process parameters such as
temperature, pressure, and role of thermodynamics in alloying process is discussed. The
solubility limit of bulk size solvent phase material and gas environment effect on alloying
is studied. A mechanism is proposed for the alloying process.
Chapter 6 Mixed metal oxide nanowires application in the DMR (Dry Methane reforming
reaction) to compare the role of alloyed catalyst with the metal supported on nanowires
catalyst. A reaction mechanism is proposed for the formation of products.
Chapter 7 focusses on potential applications of porous tin oxide nanowires for
electrochemical conversion of carbon dioxide to formic acid
Chapter 8 Summarizes the main conclusions and future recommendations that could be
done to expand this work.
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CHAPTER 2 BACKGROUND
2.1 General remarks and scope of review
This chapter provides a review of the conventional and state-of-the-art methods
used for the synthesis of complex oxides, binary metal oxide nanowires and mixed metal
oxide nanowires. The details about the current scalable methods for the synthesis of binary
metal oxide nanowires are also discussed. In terms of mixed metal oxide nanowires,
various challenges with state-of-the-art methods and strategies are detailed. The concept of
solid-state alloying and the role of thermodynamics in solubility limit in nanoscale
materials is explained. Finally, the uses for mixed metal oxide nanowires in energy
conversion applications are reviewed.

2.2 Thermodynamics of complex metal oxide systems
2.2.1 Hume-Rothery rules for determining the solubility limit in alloys
To synthesize the mixed metal oxide materials, important parameters that govern
the solid-state solubility of solute into the solvent materials needs to be investigated. Hume
Rothery proposed a set of sufficient rules for the metal solute atoms to dissolve into other
metal solvent to form a completely miscible solid solution at any composition. This could
be applied for any complex oxide material systems. The rules are that the atomic radius of
the solute is within 15% of solvent atomic size, should have the same crystal structure, and
lower electronegativity difference. Higher electro negativity difference favors the
formation of compounds. An example of completely soluble system of magnesium oxide
in iron oxide and a limited soluble system of zirconia in titania were shown in Figure 2.1.
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a)
Figure 2.1. Thermodynamic phase diagrams of a) FeO-MgO and b) TiO2-ZrO2 systems
Figure 2.1a shows that iron oxide and magnesium oxide are completely soluble
systems at any given composition. Whereas the solubility of zirconium in titania is limited
and it is about 5 at% at 1700 deg C from solidus curve of titania. As shown in Figure 2.1b,
the solubility of titania in zirconia is less than 1 at% even at a temperature of 1100 deg C.
2.2.2 Thermodynamics at the nanoscale for metastable phases
Materials systems with sizes that range from 1 to 100 nm are in the intermediate
state between the bulk level and molecular level. The physical properties such as electronic,
magnetic, optical, chemical ,and thermal properties are significantly different from the
corresponding bulk materials48. These systems are characterized by the fact that high
surface to volume ratio of atoms available. This could cause the changes in the physical
properties such as the melting point depression and other phase transitions of
nanoparticles49,

50.

One way to study the thermal effect in nano size material is by

introducing the surface effects in the classical thermodynamics.
Gibbs free energy is an important parameter for evaluation of the thermodynamic
properties. Whenever there is a creation of additional surface or interface, it would provide
an additional free energy to the system. This could be written as equation (2.1), where Δ𝐺
is the excess free energy, 𝛾 free surface energy per unit area and A is the surface area.
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Δ𝐺 = 𝛾𝐴 ----(2.1)
The Gibbs free energy of binary solution of two pure elements is obtained as
follows. As shown in Figure 2.2, it is assumed that the components 1, 2 have the same
crystal structures in their pure states and could be mixed in any compositions to a make
solid solution. Here, G1, G2 are the Gibbs free energy of components 1,2 and X1, X2 are the
mole fractions of components 1,2. The binary mixture total free Gibbs free energy before
the mixing is
GA= G1 X1+ G2 X2----(2.2)

Before mixing

After mixing

+

(1)

(2)

solid solution after mixing

Figure 2.2. Schematic showing the free energy of mixing of binary components 1, 2 to
form 1 mol of solid solution
Gibbs free energy of binary mixture after the mixing is,
GB = GA + ΔG𝑀𝐼𝑋 ----(2.3)
Here, ΔG𝑀𝐼𝑋 is the change in Gibbs free energy caused by mixing the binary components.
By substituting the equation for ΔG𝑀𝐼𝑋 obtained from reference 51, Gibbs free energy after
the mixing is given as
GB = GA + RT (X1ln X1 + X2 ln X2) ----(2.4)
So, the final equation for mixing binary components becomes
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GB = G1 X1+ G2 X2 + RT (X1ln X1 + X2 ln X2) ----(2.5)
For the nanostructures surface energy terms are added to the Gibbs free energy of bulk
material. It is given by
GB = G1 X1+ G2 X2 + RT (X1ln X1 + X2 ln X2) + 𝛾𝐴 -----(2.6)
Also, the phase diagrams for the nanograined materials could drastically differ from
those for the single crystals or coarse-grained poly crystal materials. Mclean et al., was
probably first to notice the that the apparent solubility limit (Csa) in the fine grained
materials was higher than the volume solubility C s 52. Also, Straumal et al., showed the
increase in solubility of Mn in the zinc oxide materials with the decrease in the grain size
of ZnO. They noticed higher solubility of Mn into the zinc oxide nanowires upto 30% Mn.
The peaks of the secondary phase (Mn3O4 with cubic lattice) become visible in the X-ray
diffraction spectra at 30 at% Mn. At the similar conditions, the secondary phase of
manganese oxide appeared in the bulk ZnO at only 12 at% of Mn53. From Figure 2.3, it is
confirmed that the nanograined size promotes the higher solubility at lower temperature
compared to the bulk sized material.

Figure 2.3. Data showing the variation in solubility of Mn in zinc oxide based solid solution
a) Solubility limit of Mn in ZnO polycrystals with grain sizes above 1000 nm b)
Solubility limit of Mn in ZnO polycrystals with grain sizes between 10 and 100 nm.
(adapted from53)
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Also, Ma et al., studied the bulk and nano solubility of cobalt oxide in ZnO nano
particles and has shown an extended solubility of cobalt oxide in ZnO at nanoscale. As
shown in Figure 2.4, at 600 K temperature, the solubility of CoO observed at 20 at% in
zinc oxide for nanoscale in comparison to the bulk zinc oxide materials with the cobalt
oxide solubility at 3 at%. The extended higher solubility of cobalt oxide in nano sized zinc
oxide material could be related to the higher surface energy available at the surface of
nanoscale zinc oxide 54.

Figure 2.4. Phase diagram for CoO and ZnO system in bulk and nano sized materials
(adapted from 54)
2.3 Synthesis and application of complex metal oxide materials
Complex oxides are promising for a wide variety of novel applications in
thermoelectrics55, photo-electrochemistry56, energy conversion and storage2, heterogenous
catalysts57, and nanoelectronics58. The modification of composition and structure in
complex oxides can impact their physical, magnetic, optical, and chemical properties 59.
As shown in the Figure 2.5, the synthesis techniques for complex oxides can be
categorized into solid, vapor and gas phase based on the nature of reactants used. The
solid-state techniques use solid state reaction for alloying different compounds to make
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complex oxides. The liquid phase methods include electrochemical, sol-gel, coprecipitation, hydrothermal and/or solvo-thermal. The gas phase techniques include
primarily pyrolysis-based techniques involving flames, plasmas and/or microwaves.

Figure 2.5 Summary of the methods for synthesis of the complex metal oxide materials
2.3.1

Solid state reaction method for the synthesis of complex metal oxides
Solid state reaction is common synthesis method to obtain the thermodynamically

stable/meta stable products from reactants treated at high reaction temperature for long
periods of times. Solid state reactions are intrinsically slow because of inhomogeneous
mixing at the atomic level and diffusional limitations of reactants species through the
product layers. The degrees of mixing and powder particle sizes determine the extent of
reaction. The reaction starts at the points of contact between the initial components and
continues successively by ionic inter diffusion through the product phase. Usually, solid
state reactions take place over several hours to days to undergo complete reaction 46. Factors
that affect the solid-state reaction are chemical and morphological properties of the
reagents, the surface area, and thermodynamics of the solid-state reaction. Also, solid state
reactions depends on the temperature, pressure and the environment of the reaction47. The
presence of inert atmosphere may alter the apparent kinetic characteristics of rate process
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by hindering the removal of gaseous products in exothermic reaction environment by
dissipating the heat. Even the presence of hydrogen or oxygen environment would change
the reaction kinetics by reacting with reactants at the interfaces. Also, ball milling of
reactants or presence of defects in the reactants may alter the kinetics of solid-state reaction
by accelerating the diffusion mechanism in the reactant species. In general, solid-state
reactions occur at interfaces under high temperature reaction conditions. The reactants
usually move in opposite directions for the product formation. As shown in Figure 2.6, at
the favorable reaction temperature, the reactants A, B react form intermediate product C.
The product formation of D is further controlled by the diffusion of A, B through the
product layer C and growth of the nucleates.

Figure 2.6. Schematic representation of process of solid-state reaction at the reactants (A,
B) interface.
Reaction mechanism of solid-state alloying can be further detailed as below.
Reactions at interfaces progress by simple nucleation of new phases followed by nuclei
growth with reactant diffusion60. The product formation is controlled by diffusion through
the product layer, the product thickness is observed to follow the parabolic law
x2=K*t,
Where K is rate constant obeying the Arrhenius equation.
Defects in the crystals have profound influence on the diffusion mechanisms. In
general defects are classified into point defects, linear defects, and planar defects. Point
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defects are atoms missing or in irregular places in the lattice. Point defects can be
vacancies, substitutional defects, and interstitial defects. Linear defects are groups of atoms
in irregular positions, screw dislocations and edge dislocations are examples of linear
defects. Planar defects are the interfaces between the homogenous regions of the material
such as grain boundaries, stacking faults and external surfaces. The higher the reaction
temperature, the atoms can jump faster from original equilibrium position to another
position and with the presence of higher amounts of vacancies. The number of actual
vacancies Nv increases exponentially with the increase in the temperature as given below.
𝑁𝑣 = 𝑁𝑠 𝑒𝑥𝑝(

−𝐸𝑣
)
𝐾𝐵 𝑇

where 𝑁𝑣 is the number of regular lattice sites, 𝐾𝐵 is the Boltzmann constant, and
𝐸𝑣 is the energy needed to form a vacant lattice site in a perfect crystal.
The presence of different types of defects give rise to different types of diffusion
mechanisms. Vacancy diffusion mechanism: if an atom on the normal site jumps into
adjacent unoccupied site, then the diffusion is said to be takes place by vacancy diffusion
mechanism as shown in the Figure 2.7. Interstitial diffusion mechanism: when the atom on
the interstitial site moves to one of the neighboring interstitial sites, then the diffusion
occurs by an interstitial mechanism as shown in Figure 2.7. Interstitialcy diffusion
mechanism: In the interstitialcy mechanism an interstitial atom pushes one of the nearest
neighbors on a normal lattice site into another interstitial position and itself occupies the
lattice site of the displaced atom. Also, solutes could diffuse through the dislocations and
grain boundaries inside the material lattice as well.
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Figure 2.7. Sketch of diffusional process in solids by a) vacancy diffusion b) interstitial
diffusion c) interstialcy diffusion
Solid state reaction synthesis exists from the long time, however the first
mechanistic understanding solid state reaction was described by Koch and Wagner 61 for
the formation of Ag2HgI4 from AgI and HgI2 occurred by the counter diffusion of cations
through the reaction product layer. Linder62 found from marker studies that zinc aluminate
and nickel aluminate form from their component oxides by diffusion of zinc or nickel and
oxygen through aluminate. Carter63 found later that the formation of MgAl2O4 occurred by
the similar mechanism of counter diffusion. Later, Schmalzried

64

reported that CoAlO4

and NiAl2O4 are formed from the individual oxides by counter diffusion of cations though
the spinel layer. Polycrystalline, transparent YAG (Y3AI5O12) ceramics were fabricated by
a solid‐state reaction method by the using the high‐purity Al2O3 and Y2O3 powders65.
Goodenough et al., Prepared LiCoO2 by heating a pelletized mixture of lithium carbonate
and cobalt carbonate in air at 900°C for 20 h followed by further heating 66. LiCo0.333
Ni0.333Mn0.333O2 was prepared by solid state alloying mixing the precursor and alloying at
higher temperatures67, 68. Various thermodynamically stable materials of oxides, sulphides,
nitrides oxides, nitrides, halides, carbides, borides, chalcogenides, intermetallic, alloys,
solid solutions have been synthesized by solid state method. Solid state reaction
mechanisms can be differ in different systems as detailed below.
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1. Mechanism of alumina-titania system solid solution formation
For the formation of Al2TiO5, the solid-state reaction between the alumina and
titania under Ar atmosphere was investigated by the diffusion couple method. The
temperature range of 1723 to 1873 K is used. Here, the diffusion of Al 3+ and Ti4+ were
related to the presence of vacancies. The vacancies are created by the dissolution of Al 3+
in titania and Ti4+ in alumina. Among the three ions, the diffusion of oxygen ion is
negligible compared to the diffusion of Ti ions and Al ions. This is due to the larger ionic
radius of oxygen ion compared to the other ions. To maintain the charge balance, one cation
vacancy is created for every three Ti4+ ions entering the alumina structure. The rate
controlling step in the formation of Al2TiO5 is the interdiffusion of Ti and Al ions69. The
product formation is primarily related to the diffusion through the oxygen vacancies. The
mechanism of ions transfer is shown in the Figure 2.8.

Figure 2.8. Schematic of formation process of Al2TiO5 in the alumina-titania diffusion
couple (adapted from 69)
2. Mechanism of Cd1-xZnxSe solid solution formation
The solid solution was synthesized by using the CdSe/ZnSe core/shell nanocrystals.
Here the solid solution is achieved through the diffusion of Zn 2+ ions by dissociation of
bonds between Zn2+ and Se2- ions. Furthermore, the formation mechanism is determined as
the diffusion of Zn2+ through the matrices of Cd2+-Se2- 70.
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3. Mechanism of BasnO3 formation from the reaction between the BaCO3 and SnO2
Here, barium stannate was prepared by the solid-state reaction of barium carbonate
and tin oxide at a temperature of 600-1200 deg C for 15 h in dry air atmosphere. It was
found that barium carbonate diffuses rapidly on the surface of tin oxide at the initial stage
of reaction, forming a uniform shell of barium stannate. Later, the barium stannate grows
in two different mechanisms depending on the calcination temperature. When the reaction
was carried out below the 820 deg C, barium stannate phase further grew by diffusion of
barium ions across the barium stannate layer to tin oxide phase. A higher temperature above
820 deg C, Ba2SnO4 were generated by the reaction between the barium stannate and
barium carbonate. In this case, barium stannate formation could further promoted by the
diffusion of barium ions from Ba2SnO4 across barium stannate to tin oxide. The rate
limiting step in both cases was attributed to the diffusion of barium ions across the product
layers71. The reaction mechanism is shown in Figure 2.9.

Figure 2.9. Sketch of the mechanism of BaSnO3 formation from barium carbonate and tin
oxide (adapted from 71)
4. Formation mechanism of MgCr2O4 spinel from magnesium oxide and chromium oxide
Spinel phase of MgCr2O4 is formed by the solid-state reaction of MgO and Cr2O3
at 1823 K in air atmosphere. The formation mechanism is related to the rate determining
step of diffusion of chromium vacancy or chromium interstitial ion through the spinel. Two
types of mechanisms of the spinel formation were considered from the charge neutrality.
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One is the diffusion of chromium ion and hole or electron through the spinel and another
is the counter diffusion of 2 moles of chromium ion (3+) and 3 moles of magnesium ion
(2+) through the spinel to produce 4 moles of MgCr2O4. This means that the mechanism of
spinel formation by the counter diffusion of Mg2+ ion and Cr3+ ion through the spinel72.
2.3.2

Liquid phase methods for synthesis of complex metal oxides

Liquid techniques have attracted much attention to synthesize complex metal oxide
materials. These methods are more efficient than the solid-state methods in terms of
homogenous dispersion of reactants, low temperature requirements, and products with high
phase purity.
2.3.2.1 Sol-gel method
In sol-gel method, liquid precursors were mixed in the required atomic ratio.
Precursors undergo hydrolyzed, polycondensation, dried and calcined to yield the desired
materials. The limitations of this method include the post calcination of reactants of the
synthesized material, longer processing time and formation of impure phase amorphous
materials. Materials such as perovskite-type complex oxides LaFe1−yAyO3−λ (A = Mn, Al,
Co) were prepared by sol-gel method using citric acid as complex agent73. Ultrafine hightemperature (HT) LiCoO2 powders were synthesized by the sol-gel method using
polyacrylic acid (PAA) as a chelating agent74
2.3.2.2 Solvothermal method
Hydrothermal or solvothermal fabrication of materials is well known to prepare
complex oxides. In this process, synthesis carried out in a closed vessel under high
pressure. Here, the contents in the autoclave were heated to above 100 deg C (above the
solvent normal boiling point). This method has limitations of requiring the soluble
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precursors, large amounts of solvent, difficult to control the reaction conditions such P H,
viscosity, and temperature. This method also generates waste mineral acids such as HNO 3
and HCl. This method was used to synthesize the following spinel ferrites CuFe 2O4,
MgFe2O4 and ZnFe2O4, prepared in an autoclave under the same physical conditions but
with two different liquid medium and different surfactant. Water is used as the medium
and trisodium citrate as the surfactant for one method (Hydrothermal method) and ethylene
glycol as the medium and polyethylene glycol as the surfactant for the second method
(solvothermal method)75.
2.3.2.3 Co-precipitation method
This method involves simultaneous occurrence of nucleation, growth, coarsening and
agglomeration processes. This process includes the heating of the precipitates and liquor
followed by the precipitation of mixed precursors. The formation of the mixed metal oxide
materials depends on the impurity of the precipitate formed. It has advantages of simple
and rapid preparation, easy control of particle size, and composition. This method operates
at low temperature and is energy efficient method. However, this method has disadvantages
of reactants needed to precipitate at similar rates, and time consuming. Cobalt ferrite
(CoFe2O4) and spinel LiNi0.5Mn1.5O4 have been synthesized by using the coprecipitation
method76, 77.
2.3.3

Gas phase methods for synthesis of complex metal oxides
Gas phase method has the advantage of direct conversion of liquid precursor

aerosols to the solid particles after exposing to the heating media in a shorter time duration.
Also, this process eliminates the presence of undesired waste materials in the reaction. The
reaction process is completed very fast, and it is possible to achieve the metastable states

26

instead of the equilibrium state. Product particle size can be controlled by tuning the
precursor droplet size of liquid in the aerosol. Also, composition of the product materials
can be controlled by the controlling composition of the precursor aerosol media. Based on
the type of energy supplied to the liquid aerosol precursor conversion to solid particle, these
methods are classified into the flame pyrolysis and plasma pyrolysis.
2.3.3.1 Flame spray pyrolysis
In this process, the reactants are used in the form of salts or in the salt solution.
They are converted into droplets by using the nebulizer or atomization techniques.
Flame spray pyrolysis (FSP) process is a highly promising and versatile technique for the
rapid and scalable synthesis of nanostructured materials with engineered functionalities.
Various oxide materials have been synthesized by the flame spray pyrolysis at pilot scale
of 100 g/h such as carbon black, fumed SiO2, ZrO2, Al2O3, FePO4, ZnO, CeO2/ZrO2 , and
other ceramic nanoparticles78. However, this method needs improvement in composition
control of the mixed metal oxide materials due to the difference in evaporation rates and
condensation rates of multi precursors.
2.3.3.2 Plasma spray pyrolysis
This method is very similar to the flame pyrolysis method except that the plasma is
used as the heating media instead of flame. Plasmas can be considered as the fourth state
of existence, together with solid, liquid and gas. Plasmas are defined as quasi-neutral gas
of charged and neutral particles which exhibits the collective behavior79. This concept has
been demonstrated by synthesizing binary and ternary transition metal oxide solid solutions
with control over entire range of composition using the metal precursor solution droplets
oxidized by atmospheric oxygen plasma flame synthesis method
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80

. The mechanism of

plasma spray pyrolysis for mixed metal oxide materials are shown in Figure 2.10.

Figure 2.10. Schematic illustration of the proposed mechanism of plasma-processed
nitrate-based precursors. The steps are (1) evaporation of precursor solvent (2)
amorphous nitrate/nitrite/peroxynitrite phase formation (3) amorphous oxide phase
formation (4) nucleation of monometallic oxides (5) alloying of oxides into
intermediate compositions (6) growth of alloyed species (7) final non-stoichiometric
oxide (adapted from 81)
Here the first nucleation of monometallic oxides was noticed, followed by the
alloying of these monometallic phases into more stable bimetallic intermediate phase is
observed. The mechanism strengthens the argument that the non-stoichiometric alloying is
favorable at nano scale monometallic oxides.

2.4 Methods for the synthesis of binary metal oxide nanowires
Currently, binary metal oxide nanowires were synthesized by using bottom up
approaches such as vapor phase synthesis29, solution phase synthesis30, metal catalyst
assisted laser ablation technique and template-based methods19,

31.

Top-to-bottom

approaches include metal assisted chemical etching and electron beam lithography 9. The
bottom-up approaches use vapor-solid-solid (VSS) and vapor-liquid-solid (VLS) method
developed by Wagner in 196410 with a foreign metal as catalyst to control one-dimensional
growth32-34. However, all the conventional methods for binary metal oxide nanowires are
limited to the milligram to gram scale synthesis. Many of the above-mentioned techniques
are not scalable beyond gram scale. As shown Figure 2.11, Plasma flight technique seemed
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to produce with 5× 10-5 g min-1 of α-Fe2O3 NWs and the production rate are much lower
for the wet chemical techniques.

Figure 2.11. Time scale and quantity of material synthesized for iron oxide nanowires using
the different synthesis methods (Adapted from ref.82)
In the last few years, there has been a significant progress with scale-up of
production of binary oxide nanowire materials such as TiO 2, SnO2, ZnO, WO3, Al2O3,
MoO3, MnO2, FeO systems

35, 36

using the dry manufacturing techniques. For example,

nanowires of low melting point metals are synthesized by thermal oxidation of the metal
precursors. The oxidation method involves direct exposure of molten metals to the
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microwave plasma-excited gas or hydrocarbon flame in a fluidized bed reactor can result
in oxide nanowires. The role of plasma activation here is to enable rapid dissolution of
solutes such as oxygen and keeping the surface of molten metals clean. Growth condition
needs to be maintained near the melting points of metal which preferentially support
growth in one dimension such that metal remains in molten condition during the growth.
For, high melting point temperature metals, such as TiO2, WO3, MnO2, solvo
plasma method was used to synthesize the nanowires. Solvo-plasma technology uses the
atmospheric plasma or direct oxidation in the presence of alkali reagent to produce metal
oxide and porous metal oxide NWs. Plasma oxidation allowed for the observed ultrafast
timescales (on the order of a few tens of seconds) compared to conventional hydrothermal
oxidation using large quantity of water (on the order of several hours). A simple lab-scale
setup can produce up to 300 grams of nanowire powder per hour. The reaction time scales
are on the order of a minute. This method is generic and is demonstrated with the synthesis
of TiO2, Co3O4, Mn3O4 and WO3 nanowires as oxides of high melting point metals and
SnO2 and ZnO nanowires as oxides of low melting point metals. Respective metal or metal
oxide powders mixed with alkali reagents when exposed directly to atmospheric pressure
microwave plasma discharge for a few tens of seconds. Produced binary metal oxide
nanowires. Solvo plasma method and direct oxidation growth mechanisms are described
in Figure 2.12. In the first step, tin oxide forms a molten melt with the alkali metal during
exposure to plasma flame. This process leads to the formation of molten metal alloy of
potassium tin oxide material. The continuous dissolution of oxygen radicals into molten
alloy forms the 1D-nanostructures. In the case of direct oxidation, the metal itself nucleates
in the form of molten metal alloy.
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Figure 2.12. Schematic illustration of mechanism of formation of binary oxide NWs using
solvo plasma for high melting point metals and direct oxidation of low melting point
metals (Adapted from ref. 83)
Challenges in the synthesis of mixed metal oxide nanowires
The synthesis methods used for binary oxide nanowires, i.e., direct oxidation
techniques, cannot be used to synthesize the mixed metal oxide nanowires. The direct
oxidation of mixture of metals produces mixture of separate oxide NWs. Because of the
difference in melting points of the metals and their varied affinity towards oxygen,
individual binary oxides grow out as separate oxide phases from molten melt. For example,
to synthesize Cu-Zn mixed metal oxide nanowires using this approach. The metals need to
be melted to form a mixed alloy with oxygen at the same temperature to grow out as the
mixed metal oxide NWs (zinc has melting point of 419 deg C and copper melts at 1083
deg C). Even with the oxidation of an alloy of brass (Cu0.7Zn0.3) lead to the formation of
different oxide phases. Initially, zinc oxide nanowire formation was observed due to the
higher affinity of zinc towards the oxygen than that of Cu metal 84.
By comparison, solvo plasma method needs to form a molten alloy of alkali with the
respective metal precursors. The metals with stronger affinity to form a molten alloy with
the alkali will grow faster, and this leads to the formation of separate oxide nanowire
phases. Both methods seem unsuitable for the synthesis of mixed metal oxide nanowires.
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2.5 Routes for the synthesis of mixed metal oxide nanowires
Mixed metal oxide nanowires are synthesized in gas phase, solution phase and solid
phase form of the precursors. The compositional tunabilty while maintaining the targeted
one-dimensional structure is crucial for the synthesis of mixed metal oxide nanowires.
Thermodynamically stable oxides are easier to synthesize at the given temperature and
composition. Based on the introduction of solute species, the methods are classified either
as in-situ or ex-situ synthesis methods. In the in-situ synthesis method, all the reaction
species are introduced together at the start of the reaction, whereas in the ex-situ synthesis
method utilizes nanowire materials as solvent phase.
2.5.1

Synthesis of mixed metal oxide nanowires by in-situ methods
Several in-situ synthesis methods for mixed metal oxide nanowires are reported in
37, 38,

the literature and they are template directed synthesis

vapor phase method40, 41,

solution-based methods42, 43, and hydrothermal methods26
2.5.1.1 Template directed synthesis method
Templates of nanowires are mixed with the sol gel precursors followed by the removal or
dissolution of templated nanowires. Also, solid substrates, surfactants, polymeric
membranes, and porous alumina have been used as the sacrificial templates. The sol gel
precursor nucleates on the surface of templated nanowires in the form of nanowires. The
following materials have been synthesized with the template directed synthesis ZnFe 2O4
Nanotubes using the ZnO NWs (Nanowires) as sacrificial templates

37.

Poly ethylene

glycol was used as a template for precursors of nickel and cobalt precursor in the synthesis
of NiCoO4 NWs39. The precursors along with the PEG were dried and calcined to get mixed
metal oxide nanowires. Also, iron alloyed ZnO NWs with a polymer template of P123 was
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used as to alloy up to 5 at% of iron into the zinc oxide nanowires.

85

This method has the

disadvantages of poor crystallinity with heterogenous nucleation growth, template removal
and contamination caused from the templates. Sometimes, alloying precursor metals could
be separated from the solutions as well.
2.5.1.1 Hydrothermal synthesis method
Hydrothermal synthesis methods were usually carried out at high pressures
conditions in the autoclaves. Under high-pressure conditions, first the precursors dissolved
into the solution and react each other to form a highly disordered phase intermediate (metal
ion complex formation). It is found that nanowires seem to result when intermediates are
supersaturated. The mechanism is not understood. The disadvantage of this method is that
there is no control over the phase and morphology. It was observed that there were
structural changes to the material as well. Also, smaller quantities, high reaction pressures
and longer reaction times (in the order of 12-24h) as inherent disadvantages of this method.
The following examples of titania doped with nitrogen and boron illustrate the
formation of mixed metal oxides nanowires. The predicted mechanism of formation is
shown in Figure 2.13. Here, autoclave with TiN, NaOH, H 2O and air are kept under high
pressure conditions. Initially, TiN dissolved into the solution and began to react with
NaOH, O2 to form a trititante intermediate phase (Ti3NxO7-x2-). Finally, Supersaturation of
intermediate nanoclusters lead to the crystallization of Na xTiNyOz nanorods. Using this
method, less than 1 at% of boron or nitrogen alloyed into the titania nanorods86.
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Figure 2.13. Depiction of mechanism of formation of NaxTiNyOz nanorods using
hydrothermal method (Adapted from ref. 86)
2.5.1.2 Vapor phase synthesis method
In the vapor phase methods nanowires grown by using the vapor liquid solid (VLS)
or vapor solid (VS) mechanisms. The growth of nanowires consists of dissolution of vapor
species into the nanosized liquid metal catalyst droplets followed by nucleation and
supersaturation of the vapor species in the nucleate droplets to form the nanowires. In
catalyst free vapor phase method, vapor species are subsequently transported and
condensed onto the surface of a solid substrate placed in a zone with temperature lower
than that of the source material. This process yielded very less amount of material (in mg’s
scale), use of metal catalyst, uniformity and substrate choice at the higher temperatures
were the limitations of the vapor phase method. Using this method 2 at% of indium alloyed
into the zinc oxide nanowires and copper (4 at%) alloyed into the zinc oxide nanowires

40

41.

For the system of Ir1-x-yRuxVyO2 nanowires87, ternary mixed metal oxide nanowires
are directly grown on the Si(001) without the catalyst using simple vapor phase transport
method. The growth of ternary mixture was likely because all three oxides have same
crystal structure in a tetragonal phase as well as the similar ionic radius. For the synthesis
of ternary mixture, various compositions of RuO2-IrO2 powders mixed and sonicated for
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homogenous mixing. The mixture is taken into a quartz boat and loaded into the quartz
tube furnace in high temperature region, in another quartz boat VO 2 powder is located 5
cm downstream of RuO2-IrO2 precursor mixture. The growth substrate was kept 15 cm
downstream of the RuO2-IrO2 precursor mixture. The temperature was at 1050 oC and the
helium as carrier gas with the flow of 400 sccm. The temperatures measured in the growth
region is about 700 deg C. The mechanism is shown in Figure 2.14, first highly volatile
VO2 forms nano droplets on the substrate first, followed by dissolution of RuO2-IrO2 into
the nanodroplets of VO2. Ostwald ripening and coalescence process to further grow the
nanodroplets. Crystallization along favorable growth direction of the c-axis resulted in
tetragonal crystal phase of mixed metal oxide nanowires.

Figure 2.14. Schematic illustration of mechanism of formation of ternary oxide NWs using
direct vapor phase transport (Adapted from Ref. 87)
2.5.1.3 Solution phase synthesis method
In the solution phase synthesis method, all the reactant and dopants species are codissolved into the solution. The formation of aquo ions from the salts of precursor followed
by hydration and condensation aquo salts leads to the growth of nanowires. The dopants
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are usually incorporated during the growth of nanowires. Doping in non-aqueous solution
avoids the formation of inert metal ion aquo complexes and this could favor the
incorporation into the lattice of nanowires. Cobalt doped zinc oxide nanowires have been
synthesized by co dissolving a desired amount of cobalt acetate with zinc acetate in
trioctylamine. Typically 60mg samples were made with cobalt concentrations up to 11
at%43. Also, zinc nitrate with different nickel acetate and HMT used to synthesize 1 at%
nickel alloyed into the zinc oxide NWs42.
2.5.1.4 Solid state alloying synthesis method
Solid state reaction is common synthesis method to obtain the thermodynamically
stable/meta stable products from reactants treated at high reaction temperature for longer
times. Solid state alloying further extended to synthesis of metastable alloy thin films such
as Co-doped ZnO, Mn-doped ZnO bulk materials88. Solid state alloying in nano structures
also been studied for the system of Mn or Eu doped ZnS sample. All precursors were milled
together to obtain a homogenous mixture and calcined to obtain the doped samples.
ZnFe2O4 nanoparticles were prepared using a low-temperature solid-state reaction
(LTSSR) method, by mixing the precursors along NaOH in the desire molar ratio and
calcined at 850 deg C temperature89. Furthermore, solid state alloying was extended to the
thermodynamically stable nanostructures. In this case, nanostructures are used to alloy with
the nanosized precursors instead of bulk counterparts to obtain the desired alloys. For
example, Barium titanate nanowires were obtained by solid-state reaction at 700 deg C
using titania fiber-like crystals coated with BaCO3 nanoparticles90. Carbon-coated
LiMn2O4 nanowire was prepared by using the carbon-coated MnO2 nanowire and LiOH in
the desired molar ratio were annealed in air environment91.

36

2.5.2

Synthesis of mixed metal oxide nanowires by ex-situ methods
All the in-situ methods are prone to change the crystallinity/morphology of alloyed

materials compared with the unalloyed materials. Ex-situ method is used to prevent the
change of crystallinity/morphology pristine nanowires during the alloying. Ex-situ alloying
is a solid-state diffusion of solute precursors into the already synthesized nanowires. Exsitu method could be used to meet the following disadvantages of in-situ methods. Such as
vapor phase synthesis is limited by the different evaporation rates of multi precursors and
foreign metal contamination. Solution phase synthesis often produces a material in poor
crystalline form. The control of synthesis parameters (PH, viscosity) for multi precursors,
longer reaction times, multi-step processing, liquids processability at larger scales limits
the synthesis of mixed metal oxide nanowires. Physical synthesis methods use high energy
beams or electrons which destroy the structure of materials and surface of the
nanostructures. The following ex-situ methods were used in the literature such as solidstate diffusion using ALD/sol-gel precursor coating, molecular beam epitaxy nanolayer
diffusion and metal vapor vacuum arc (MEVVA) ion source doping.
2.5.2.1 Solid state diffusion method using the atomic later deposition (ALD) technique
In the solid-state diffusion method, the atoms are randomly moved from one
position to another by a thermally activated process. In this method, the pristine NWs are
coated with thin nano layer (5-50nm) of solute precursors using the atomic layer deposition
(ALD) process. The solute species solid state diffuse into the solvent NWs by using
substitutional diffusion mechanism under inert atmosphere and higher temperature
environments (700-800 deg C). This method was used for manganese alloyed into the
titania NWs by using the titania NWs as solvent phase and by using the ALD deposition
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of manganese precursor20. Figure 2.15 shows the as synthesized nanowires were prepared
by using the ALD coating method followed by solid state diffusion under the inert
atmosphere. First titania nanowires were synthesized with the hydrothermal method and
followed by coating with the manganese oxide using the ALD process. The nanolayers of
manganese oxide were solid state diffused into the nanowires under inert atmosphere and
high temperatures.

Figure 2.15. Schematic representation of the ex-situ synthesis of nanowires using the
ALD method
2.5.2.2 Metal vapor vacuum arc (MEVVA) ion source doping method
Nickel doped ZnO NWs are prepared by using the ion source doping method. Here,
zinc oxide nanowires were prepared by using VLS (vapor- liquid- solid) growth
mechanism. As shown in Figure 2.16 the prepared zinc oxide nanowires doped by MEVVA
with Ni ion at a dose of 2 × 107 cm-2 and an incident angle of 5o. The vertical NWs are
kept at an extraction voltage of 100 kV and a temperature of 200 deg C. The doped samples
were then treated by thermal annealing at 950 deg C for 2 h in oxygen environment for
eliminating the doping induced defects. However, the high energy doping sources damages
the structure of nanowires compared to pristine nanowires, and there is a possibility to
synthesize non uniform alloyed nanowires.
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Figure 2.16. Schematic illustration of ex-situ synthesis of nanowires using the MEVVA
ion source doping method (Adapted from ref. 45)
2.5.2.3 Sol-gel precursor coating method
As shown in Figure 2.17 tungsten and carbon ex-situ doped into the titania NWs by
using the sol-gel precursor method44. As prepared TiO2 NWs from hydrothermal method
are dip coated with sol gel tungsten precursor and dried by blowing the air. This left a
uniform thin layer of W precursor on the surface of TiO 2 NWs. The tungsten precursor
coated NWs are exposed in the hydrocarbon flame for short duration of 2 min and this
would promote the diffusion tungsten into the titania NWs. Finally, for carbon doping the
tungsten-alloyed titania NWs annealed in CO atmosphere to at 550 deg C for 30min in a
tube furnace. However, this method yielded non-uniform alloying of the tungsten and
carbon on the surface of nanowires.

Figure 2.17. Schematic of the ex-situ synthesis of nanowires using the sol-gel precursor
doping method (Adapted from ref.44)
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Table 2.1. Selected mixed metal oxide nanowires synthesis routes
Method used

Material
synthesized

Application used and
performance

Remarks

ALD coating
followed by
solid state
diffusion

TiO2
Nanowires
were
alloyed with
manganese
and
zirconium

Used in the photo
electrochemical
water splitting,
obtained the photo
current density
50 mAcm-2 at η=500
mV.

8 at% of Mn is alloyed
into
the
titania
nanowires. Trace levels
of zirconium is alloyed.
Solid state diffusion in
nanostructures favored
the alloying process.
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ALD coating of
titanium
precursor on
iron oxide
followed by the
solid-state
diffusion.

Iron oxide
(Fe2O3
nanorods
alloyed
with
titanium)

Used for photo
electrochemical
water splitting.
photocurrent density
of 2.28 mA/cm2 at
1.23 V vs reversible
hydrogen electrode
(RHE) and 4.18
mA/cm2 at 1.70 V vs
RHE.

Ti doping promoted
band bending and
largely increased the
carrier density as well
as the surface state.
Uniformly alloyed the
titanium into the iron
oxide nanowires.
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Sol gel dip
coating of
precursor on
titania
nanowires
followed by the
flame exposure

Tungsten
alloyed into
the titania
nanowires

Photocurrent density
of
1.22
and
1.41
2
mA/cm , is obtained
respectively,
for W/TiO2 and
TiO2:C
at 1.23 Vs RHE.

Non uniform alloying
of the tungsten and
carbon on the surface of
nanowires. Because of
faster time scales and
materials
are
not
distributed uniformly.
Variation of 13 at% to 1
at% from surface to
bulk of nanowire is
observed.

44

Metal vapor
vacuum arc
(MEVVA) ion
source doping

Nickel
alloyed into
the ZnO
NW’s

The UV emission
peak is centered at
389 nm for the Nidoped ZnO NWs,
this exhibits a red
shift of 5 nm
compared to the
undoped ZnO NWs.
Electrical
conductivity
was

Upto 6 at% of Ni is
doped in the ZnO NWs.
Defects
in
the
nanowires
were
observed
due
to
exposure of the high
energy beam on the
surface of the nano
structures.
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40

Ref

enhanced for over 30
times after doping.

Solution-phase
synthesis

Zinc oxide
nanowires
alloyed
with cobalt

A full sun efficiency
of 1.5% was
demonstrated with a
nanowire
photoanode.

ZnO nanowires were
doped with cobalt.
Alloyed upto 11 at% of
cobalt. However, more
data analysis needs to
be
performed
to
confirm.
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Vapor phase
synthesis

Indium 2
at% alloyed
into the
zinc oxide
nanowires

The
photoluminescence
spectrum for the
doped sample shown
a blue shift in the
UV region, shows a
prominent tuning in
the optical band gap.
Also, the electrical
resistivity is
decreased.

Indium doped NWs are
found to be single
crystalline with [0 0 0 1]
as the preferred growth
direction. Small scale
milli gram sample was
synthesized.

40

Vapor phase
synthesis

Cu-doped
ZnO nano
nails and
nanoneedle
s.

The band-edge UV
emission and the
broad green emission
are red-shifted by ∼7
and 20 nm.
X-ray photoelectron
spectroscopy study
revealed a higher
level of oxygen
vacancies
in
nanoneedles, and this
was found to enhance
the green emission.

Cu-doped
zno
nanoneedles and nano
nails were synthesized
by
thermally
evaporating Zn and
CuCl2 powders.
Copper (4 at%) alloyed
into the zinc oxide.

41

Ir1-xyRuxVyO2
nanowires
on Si
substrate

Not applied

The growth of ternary
mixture was likely
because all the three
oxides
have
same
crystal structure in a
tetragonal phase and
similar ionic radius.
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(Chemical
vapor
deposition)

Vapor phase
transport

41

The BNTRs showed
a
higher photocatalytic
activity and a
bigger photocurrent r
esponse than N–
TiO2 nanorods under
visible light
irradiation.

Hydrothermal
method

Titania
alloyed
with
nitrogen
and boron

Template
directed
synthesis

Iron alloyed Not applied
ZnO NWs

Solid state
reaction

BaTiO3
Nanowires

Used as a
ferroelectric
material. Piezo
response force
microscopy
measurements show
a strong piezo
activity and stripe
domain patterns with
domain width of 2050 nm.

Solid state
reaction

Carbon
coated
LiMn2O4
material

Used as high-power
cathode materials in
lithium-ion batteries

Auto
combustion
method

Mn doped
zinc oxide
nanowires

Optical absorption
studies show an
increment in the
band gap with
increasing Mn
content

42

Less than 1 at% of
boron
or
nitrogen
alloyed into the titania
nanorods.
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Polymer template of
P123 was used as to
alloy upto 5 at% of iron
into the zinc oxide
nanowires.
Single crystal BaTiO3
nanowires
with
tetragonal
structure
were obtained by an
original
solid-state
process. By using the
layered
titania
nanowires coated with
BaCO3 nanocrystals as
reactive templates.
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Prepared by using the
carbon coated MnO2
nanowire and LiOH in
the desired molar ratio
and
They
were
thermally annealed in
air environment.
Mn doped ZnO was
synthesized
by
a
combustion
method
from the nitrates of Zn
and Mn taken in the
appropriate
ratio.
Higher thermodynamic
solubility of Mn in zinc
oxide favored this
process feasible.
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2.6 Applications of mixed metal oxide nanowires in energy conversion processes
Particularly, compositional tunability of the mixed metal oxide nanowires is used
for introducing the oxygen vacancies, structural defects, to change the binding energy of
the active sites and tuning acid-base sites on the exposed active facets along with the unique
structural characteristics of the nanowires

20-22.

Mixed metal oxide nanowires with highly

dispersed metals at atomic scale could provide the synergistic interactions that are not
possible with traditional metal supported nanowires. These special properties are useful in
heterogenous catalysis, electrochemical catalysis, photo catalyst and as transparent
conducting oxides.
2.6.1 Heterogenous catalysis
Catalysis plays an important role in bulk chemical production, fossil fuels
processing and in environmental pollution control, where efficient and selective chemical
transformations are of great concern. Nanowires are used in heterogenous catalysis due to
their large surface to volume ratios, active surface facets and surface chemical composition.
The catalytic properties of materials are determined by its electronic structure, so the goal
is to engineer the electronic structure by changing the composition and morphology 93.
Mixed metal oxide nanowires play important role in control of electronic properties by
modifying the composition of nanowire. For example, for the reduction of nitrobenzene
on La0.8Sr0.2FeO3, the activation energy is 73.9 kJ/mol compared to the stable oxides
LaFeO3 (88.9 kJ/mol), SrFeO3 (84.4 kJ/mol) activation energies3. The lower the activation
energy means the better the catalytic activity. Mixed metal oxide nanowires shown high
catalytic performance for reaction of CO oxidation to CO 2. This reaction was carried out
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using ceria nanowires alloyed with foreign metal (lanthanides) on a selective facet. Higher
activity is attributed to the formation of high-density oxygen vacancies and enhanced
mobility of oxygen from bulk to surface of active facets of alloyed ceria NWs 26.
2.6.2

Photo electrochemical catalysis
Photo electrochemical catalysis involves the conversion of solar energy into

chemical energy stored in the form of liquid fuels or hydrogen. Two major processes such
as photo electrochemical water splitting: electrolysis of water in hydrogen and oxygen
under solar light and carbon dioxide electrochemical reduction to hydrocarbon chemicals
are under intensive research94,

95.

Nanostructured wide bandgap metal oxide

semiconductors exhibit an enhanced PEC (Photo electrochemical conversion) performance
compared to the bulk materials. Nevertheless, these metal oxides still have unfavorable
material properties such as limited visible light absorption and electrochemical instability.
These should be addressed through rational chemical modifications such as band gap
engineering through elemental doping, improving the electronic conductivity by modifying
electronic band structures. For example, titanium (Ti) doped hematite nanorods with
precise control of Ti amount and morphology for highly effective PEC water splitting been
used to obtain pronounced photocurrent density of 2.28 mA/cm2 at 1.23 V vs reversible
hydrogen electrode (RHE) and 4.18 mA/cm2 at 1.70 V vs RHE, respectively. The high
performance attributed to the Ti doping promoted the band bending, long term stability and
increased the carrier density28.
Electrodes that have been developed for CO2 reduction suffer from the low energy
conversion efficiency, low selectivity, low faradaic efficiency, poor stability and unable to
suppress the competing hydrogen evolution reaction. Recently, metal alloyed
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nanostructures drawn great attention because they have ability to improve the stability of
key intermediates. For example, bimetallic CuSn nanowires (NWs) used for
electrochemical CO2 reduction reaction with a formate selectivity of 90.2% at -1.0 V vs
RHE, superior performance is ascribed to the Sn atoms doping on CuO (111) facet as well
as the selective adsorption of intermediates to suppress the hydrogen reaction27.
2.7 Chapter summary
In this chapter, various synthesis methods for the complex metal oxide materials in
general and binary and mixed metal oxide nanowires had been discussed. The methods that
are used for the synthesis of binary metal oxide may not be used for the synthesis of mixed
metal oxide nanowires. There are several in-situ and ex-situ methods reported for the
synthesis of mixed metal oxide nanowires. However, in-situ methods have inherent
limitations. In vapor phase synthesis method, different evaporation rates of multi
precursors and foreign metal contamination are hindrances to this method. Solution phase
synthesis often produces a material in poor crystalline form. The control of synthesis
parameters (PH, viscosity) for multi precursors, longer reaction times, multi-step
processing, and liquids processability at larger scale are limitations of this method. Physical
synthesis methods use high energy beams or electrons which destroy the structure of
materials and surface of the nanostructures. Ex-situ synthesis methods seemed to be
promising for the synthesis of mixed metal oxide nanowires in terms of material quality
and easy to scale up. However, ALD coating for large scale manufacturing of material
would not be feasible. So, in this dissertation a simple method based on using dry or liquid
precursor coating on binary metal oxide nanowires and their solid-state diffusion under
inert atmosphere to synthesize mixed metal oxide will be discussed. Also, the role of
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thermodynamics at nanoscale favoring the solid-state reactions is explained. The
importance of use of mixed metal oxide nanowires in the energy conversion applications
is explained as well

46

CHAPTER 3 EXPERIMENTAL METHODS AND
CHARACTERIZATION TECHNIQUES
3.1

Introduction

This chapter describes details about the experimental procedure of synthesis of
binary and mixed metal oxide nanowire systems. It includes the type of reactors used,
reaction conditions, design of reactors and construction of reactors. Several
characterization and analytical methods employed to determine the qualitative analysis and
quantitative analysis of composition, structure analysis and phase analysis are described
here. A collection of characterization techniques such as scanning electron microscopy
(SEM), energy dispersive spectroscopy (EDX), X-ray diffractometer (XRD), BrunauerEmmett-Teller (BET) surface area analysis, transmission electron microscopy (TEM),
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) will be
discussed in this chapter. Electroanalytical techniques such as chrono amperometry, cyclic
voltammetry, electrode preparation and gas chromatography techniques will be covered in
this chapter as well.

3.2 Atmospheric microwave upstream plasma system
The microwave plasma system includes standard components such as a magnetron,
a circulator, a dummy load, a power detector, an impedance matching system, and a
custom-design applicator. All the components are in communication through a rectangular
waveguide WR284. The magnetron generates microwaves of 2.45 GHz into the
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waveguide. The circulator connected to water cooled dummy load only allows the
propagation in one direction and is used to prevent the reflected microwave from entering
the magnetron. The power detector measures the forward and reflected power. The
impedance matching system comprises of a circuit of resistors and capacitors matches the
impedance of the source (magnetron) and the load (plasma) for maximum power
transmission and to reduce the reflected power to zero. The applicator is designed in such
a way that the microwave is concentrated at the center of a quartz tube inserted in
applicator. Argon is introduced into the applicator at an angle (60 deg) to form the
downward helical flow. The helical flow is used to prevent the heating on quartz tube
causing by plasma flame. A copper rod is used create the dielectric breakdown of gases
and to ignite the plasma. The plasma is ignited with low dielectric breakdown gas such as
Ar. Later, the plasma flame is maintained by introducing gases such as air, oxygen,
nitrogen, or hydrogen depends on the application. A schematic of plasma system is shown
Figure 3.1 below.
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Figure 3.1. Sketch of the atmospheric microwave upstream plasma reactor system used for
binary metal oxide nanowire synthesis

3.3 Synthesis procedure for porous nanowires (Solvo plasma method)
Metal/metal oxide particles (1-5 μm size, Atlantic Equipment Engineer, Inc) are mixed
with KOH/KCl powder in a 1.5-3:1(Metal-salt) ratio by atomic percentage. The mixture is
grounded, and desired amount of water is added to make a paste. The precursor paste coated
about 100 microns thick on a 25 x 25 mm quartz substrate. The substrate is then exposed
to the plasma flame at power ranges of 1.0-1.4 kW, with the flowrate of 10 lpm of Air for
30 seconds to 5 min. The thick film from the quartz substrate is scraped off with the razor
leaving small amount on it to avoid contamination from the quartz substrate and grounded
material to a fine powder. The formed products are dissolved in 100 ml-1L deionized water
in beaker and then ultra-sonicated for 1 hour. After ultra-sonication, the resultant mixture
is taken into the centrifuge bottles and leaving behind the undissolved salts at bottom. The
solution mixture is centrifuged for 1 hour at 7000rpm. The precipitate is separated out from
the centrifuge bottles and annealed at 80oC to get the potassium-contained metal oxide
nanowires. The nanowires are immersed in 0.1 M hydrogen chloride solution for 1 hour to
etch the potassium from the metal oxide nanowires. Then the clarified solution is removed
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and dried the mixture at 80oC. The dried powder is calcined at 500oC for 2-4 hours. Thus,
the porous metal oxide nanowires are formed.

3.4 Synthesis procedure for mixed metal oxide nanowires
As prepared porous nanowires in the solvo plasma method weighted along with the desired
composition of solute precursor of solid or liquid lithium hydroxide, lithium carbonate or
copper nitrate, copper acetate, cobalt nitrate, or zirconyl nitrate. The precursor is dissolved
in water to make completely soluble solution. The solution is then mixed with the porous
nanowires to make a thick paste, the resulting material is dried under atmosphere at 100120 deg C for 2-4 h to dry out the water. The dried material is collected in the crucibles
and vacuum annealed in vacuum furnace as shown in Figure 3.2 at a temperature range of
190-500 deg C for 30 min -1h under the inert atmosphere to synthesize the alloyed
nanowires. The system is kept under 10-15 tor inert nitrogen atmosphere pressure with
nitrogen flowrate maintained at around 100-200 sccm.

Figure 3.2. Schematic representation of synthesis of mixed metal oxide nanowires with the
vacuum furnace
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3.5
3.5.1

Materials characterization techniques

Scanning electron microscopy analysis

Scanning electron microscope comprises of two main components- (i) electron gun column
and (ii) detector. The electron gun column generates and focuses the electrons on the
sample. An electron gun is consisting of a cathode that emits electrons by thermal heating
or by applying high electric fields. When the cathode material is heated resistively by
applying a high voltage, electrons gain kinetic energy, when kinetic energy of the electrons
exceeds the work function, a thermodynamic barrier for electron emission into vacuum,
the electrons are emitted from the hot cathode. This mechanism is called as thermionic
emission. Tungsten metal and lanthanum hexaboride (LaB6) are typically used as the
materials for the thermionic emission cathodes.
Electron emission by field emission happens through tunneling effect, when a high
voltage is applied to material with a very sharp tip, the potential at the tip of the material is
deformed creating a pathway for the escape of electrons. The electrons emitted from the
cathode are accelerated by the electric field applied between the wehnelt cap and the anode.
The function of the wehnelt is to crudely focus the electron beam that is emitted is all
directions from the cathode and to control the number of electrons reaching the anode. The
point where the electron beam converges after the wehnelt is called as the cross-over point.
Electromagnetic lenses are used to further focus the electron beam, these comprise of
wound coils enclosed in cast iron yolks with a small narrow opening. When a current pass
through the coils, it produces a magnetic field around that axis of the coils that deflects and
focuses the electron beam. The strength of the magnetic field can be varied by changing
the current passing through the coils. The condenser lens is used to reduce the diameter of
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the electron beam that has been accelerated towards the anode and the objective lens is
used to focus the electron beam on the sample. Defects in the coils can change the circular
cross-section of the electron beam to an elliptical cross-section. Stigmators apply a
magnetic field to correct this defect.
The focused electron beam from the objective lens can be rastered along the sample using
scanning coils that deflect the position of the electron beam by applying a small voltage
between the coils. The secondary electrons emanating from the sample and are finally
detected using an everhart-thornley detector (ETD).96, 97 The SEM is coupled with an
energy dispersive spectroscopy (EDX) which determines the elemental composition and
elemental mapping of the sample.
In a typical experiment the following instrument parameter were used. FEI Nova
600 is used for high resolution images typically operated in a voltage range of 10-30 kV
and a TESCAN VEGA3 SB-Easy Probe scanning electron microscopes (SEM) is used for
low resolution imaging and EDX profiles with a voltage operating window of 10-30 kV.
3.5.2

TEM (Transmission electron microscopy) analysis
The components in the electron gun column of the TEM are like that of SEM. SEM

uses secondary electrons and back scattered electrons are detected. The TEM is used to
detect the elastically scattered electrons that are transmitted through the specimen.
Transmission electron microscopy (TEM) experiments uses a Tecnai FEI microscope
equipped with a Gatan 2002 GIF system. The samples were prepared on a TEM grid
(PELCO® Center-Marked Grids, 50 mesh, 3.0 mm O.D) in powder the form without any
further processing. The accelerating voltage used was 200 kV. TEM-EDX analysis was
used to obtain the composition analysis data. Copper grids were used when the nickel
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element present in the sample and nickel grids were used when copper element present in
the samples for EDX analysis.
3.5.3

X-ray diffraction analysis

X-ray is used a non-destructive technique used to identify the phase, grain size, crystal
defects and crystallinity of the materials. X-ray diffraction (XRD) analysis performed with
an HR XRD Bruker D8 Discover diffractometer. The equipment operated at 40 kV and 40
mA with Cu Kα (λ = 0.1548 nm) radiation. The scan speed used was 0.5-2 s per step with
a step size of 0.02°. The sample XRD patterns were scanned between 10-90° using the
θ−2θ method. Diffrac eva software and powder diffraction file (PDF) were used to analyze
the phases and alloying into the nanowires.
3.5.4

BET surface area analysis
To measure the surface area of the nanowires, Brunauer–Emmett–Teller (BET)

analysis was performed with a micromeritics tristar 3000 porosimeter. Samples were
carefully weighed and degassed with nitrogen before performing the measurements to
remove any adsorbed contaminants from the surface and pores of the sample. Calculations
for the BET surface area were performed using the triStar 3000 analysis program.

3.5.5

Thermogravimetry (TGA-DSC) analysis

A thermogravimetric analysis (TGA) (model SDT Q600 from TA Instruments) used to
analyze the amount of carbon deposited on the catalyst samples and to identify the
precursors decomposition temperature. Around 15 mg of sample material were placed in
an alumina sample pan. The sample materials were exposed with the air flow of 100
ml/min. The instrument temperature is raised up to 800 deg C by increasing the temperature
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at rate of 5-10 deg/min. Based on the weight loss analysis of sample the amount of carbon
present is analyzed.

3.5.6

Differential scanning calorimetry (DSC) analysis
Differential scanning calorimetry (DSC) is an analytical thermal analysis

methodology that measures the heat flow required to scan temperature in a predetermined
manner, while the heat flow is quantified as a relative value over a reference with known
stable thermal properties. The changes in enthalpy are measured with TA instruments Q20.
DSC provides the rapid and precise transition temperature determination using the small
amount of sample. The measurements shown in Figure 3.3 are usually determined. DSC is
used to obtain the Arrhenius equation parameters for reactions involving the nonisothermal kinetics.

Figure 3.3. Schematic of transition of events during the heating of a sample.

3.6 Experimental procedure of the DMR (dry methane reforming)
reaction
Dry methane reforming reaction is performed in a packed bed quartz tube reactor
aligned with the vertical furnace and connected by mass flow controllers, gas
chromatography (GC). The gas composition is controlled by the mass flow controllers
calibrated with He, H2 , CO2 and CH4 gases. The outlet stream is partly injected into the
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GC valve to identify the unreactive gases and products as shown in the Figure 3.4. The
reaction conditions of temperature range from 700-850 deg C, at atmospheric pressure,
with 0.5g catalyst powder, with an GHSV (gas hourly space velocity) of 6-12 Lg-1h-1 of
reactive gases CH4-25-50 sccm, CO2-25-50 sccm, and nitrogen as unreactive gas with
flowrate of 15 sccm feed to the reactor. The typical process includes packing the catalyst
into the quartz tube reactor using the glass wool as support followed by heating the furnace
with the flow of nitrogen through the reactor at 20 sccm. The temperature is raised at a
ramp rate of 10 deg/min after reaching the reaction temperature conditions reactant gases
are flown through the reactor. Part of the product stream in injected into the GC and the
remaining gas stream is flown though the exhaust.
The GC system is an Agilent 7820A instrument with a thermal conductivity detector (TCD)
and a flame ionization detector (FID) with a Shin Carbon ST micro packed column
(100/120 mesh, 2m, 1/16in. OD, 1.0 mm ID). The GC analysis is performed under a flow
of 10 ml/min of He as carrier gas and heating program (40 ̊C for 2 min, 10 ̊C/min heating
to 220 ̊C and hold it for 3 min).
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Figure 3.4. Schematic of packed bed reactor and GC system used for the testing of dry
methane reforming catalyst

3.7

Electrochemical measurements and electrode preparation
Electrochemical experiments were performed in a customized gas-tight, 4-

neck glass electrochemical cell. The samples were prepared by drop-casting a particle
suspension on a porous carbon gas diffusion layer (GDL, Sigracet 35 BC, FuelCellsEtc)
electrode. For each electrode of 5 cm2 projected area, 20 mg of synthesized Sn-NWs, SnNCs, or commercially available Sn-NPs (~15 nm diameter) were mixed with 100 g, 5 wt%
Nafion in 1 ml isopropanol (Sigma-Aldrich). After the deposition via drop-casting, the
electrodes were dried at 60 °C for 1 h. During electrochemical measurements, an anion
exchange membrane (Solemn AMV) was used to separate cathode and anode
compartments to prevent oxidation of the reduction products at the anode. The CO2
(99.99%, Specialty Gases) was injected into the catholyte at a flow rate of 10 sccm using
a calibrated mass flow controller (MKS Instruments) and gas bubbler. A Pt mesh was used
56

as the counter electrode with an Ag/AgCl (saturated KCl) as the reference electrode. All
CO2 reduction experiments were performed in CO2-saturated 0.1 M KHCO3 (99.99%,
Sigma Aldrich) aqueous solution at room temperature (298 K). A potentiostat (Biologic
SP-200) with electrochemical impedance spectroscopy (EIS) was used for all
measurements. The results are reported on a reversible hydrogen electrode (RHE) scale
according to VRHE = VAg/AgCl + 0.197 + 0.059*pHsoln. The solution pH was measured to be
6.8. Potentiostatic EIS measurements were performed before every experiment to
determine the uncompensated solution resistance, Ru, and the potentiostat subsequently
compensated for 85% of Ru during electrolysis. The current densities were determined
relative to the geometric projected electrode area throughout this study.
Electrochemical product analysis
CO2 reduction products were measured by gas chromatography (GC, SRI 8610)
and nuclear magnetic resonance (NMR, Bruker 400 MHz) for the gas and liquid products,
respectively. Both instruments were calibrated with standard gases or liquid solutions. For
real-time gas phase product analysis, the outlet of the cathode compartment was connected
to the GC inlet. The GC system used an automatic valve injection (1 mL sample) and a
thermal conductivity detector (TCD) and flame ionization detector (FID). Ultra-high purity
nitrogen (99.99%, Specialty Gases) was used as the carrier gas for all experiments and was
chosen to enable accurate hydrogen quantification. In addition, NMR spectroscopy (Varian
400 MHz NMR spectrometer) was used to analyze and quantify the products in the liquid
phase by performing 1H NMR experiments. Samples were prepared by mixing D2O and
electrolyte aliquots in a 1:1 volume ratio. Faradaic efficiency (F.E.) was calculated for the
chronoamperometric measurements by determining the charge required to produce the
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measured product concentration and dividing by the total charge passed during the time the
sample underwent electrolysis.
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CHAPTER 4 SYNTHESIS OF BINARY POROUS METAL
OXIDE NANOWIRES
Porous nanowires have attracted a lot of attention due to their higher surface area
to volume ratios compared to solid 1-D nanostructures98. Nanostructures have been used
in a variety of applications from energy conversion to energy storage 38, 39, 99-101. Porosity
in single crystal nanowires could be useful for alloying with other elements toward creating
mixed metal oxide nanowires for influencing selectivity in chemical catalysis. The
advantages of porous nanowires include large surface area, surface modifications, and
nanostructured pores. This chapter covers synthesis of porous nanowires for metal oxides
such as tin oxide, titanium dioxide and alumina oxide NWs with higher surface areas
compared to their respective solid nanowires. Also, the mechanism involved in the pore
formation and the porosity control with calcination temperature is discussed.

4.1 Review of synthesis methods for porous tin oxide nanowires
Porous tin oxide nanowires with higher surface to volume ratios are used in lithiumion batteries, solar cells, sensors, optical devices, and electronic devices 102, 103. Up to date,
several approaches has been used to prepare porous tin oxide nanowires such as chemical
etching, hydrothermal method, electro spinning and gas solid reactions 104-106. Template
methods include hard and soft template methods107, 108. The following table describes the
methods used for the synthesis of porous tin oxide nanowires in literature. All these
methods are limited to gram scale materials and are difficult for scale up.
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Table 4.1 Review on the porous tin oxide nanowires synthesis methods

Type of
nanowires
Porous
SnO2
nanowires

Method used to create pores in the nanowires

Hydrothermal method
• Nanowire with precursor of
SnC2O4.2H2O is calcined to get porous
nanowires.
• During the calcination of nanowire
precursor SnC2O4.2H2O undergoes
simultaneous
dehydration
and
decomposition, with the release of
water vapor, CO2, and CO which is
responsible for formation of high
density of pores.
Porous
Hard template-assisted approach
SnO2
• Meso porous SnO2 synthesized
nanowires
through structure replication of ordered
meso porous KIT-6 silica (nano
casting)
• Template is removed later by wet
chemical etching to get porous
nanowires
Porous
Hard template assisted method
SnO2
• One-dimensional (1D) silica meso
nanotubes
structures as effective sacrificial
templates to synthesize SnO2. template
is removed by hydrothermal method
• SnO2 nano crystallites are deposited on
meso structures of silica
• Dissolution of silica by base media to
get nano structures of tin oxide
Porous
Solution based precipitation method
SnO2
• Tin oxalate (SnC2O4) precursor is used
microfibers,
to produce nano structures
nano
• Pores were created in the primary nano
bundles
particles due to the removal of organic
species by the annealing of SnC2O4.
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Reference article
•

Xia et al.,
2003 J. Am.
Chem.Soc.
125, 16176.
104

•

Tiemann et
al., 2010
sensors and
actuators,
788-793109.

•

Qi et al.,
2009,
Small,
6: 296–
306110.

•

Wang et al.,
2011. Nano
Micro
letters 3(1)
34-42105.

Porous
SnO2 nano
tubes

Porous
SnO2
nanowires

Porous
SnO2
nanowires

Template assisted method
• Used carbon nanotubes as template to
create porous NWs
• As-prepared wet SnO2/CNT
nanocomposites were coated on the
surface of the ceramic substrate
• Surface of the CNTs was coated with
uniform and dense SnO2 nanoparticles
• After removing the CNTs by thermal
treatment the SnO2 particles were
assembled and formed porous SnO2
nanotubes.
Template assisted method
• Using self-organized, highly porous
anodic alumina templates
• AC electro deposition of electrolyte
precursor solution SnCl2.H2O on anodic
alumina templates
• Removal of tin nanowires from
templates by etching templates in
NaOH or cracking the templates and
separating the templates by sonication
then oxidizing them in air gives the tin
oxide porous nanowires
Reactive-template method
• Used MnO2 nano rods as
the sacrificial template
• Reductive nature of Sn2+ and oxidative
nature of MnO2 in an acidic
environment is used to dissolve the
MnO2 nanorods.
•

•

4.2

•

Liu et al., J.
Phys.
Chem. C
2009, 113,
9581–
9587108

•

Moskovits
et al., Adv
Mater,
2003, 15106.

•

Bingqiang
et al., Appl.
Mater.
Interfaces
2013 5,
7893−78981
07.

MnO2 nano rods are completely
dissolved by reduction, eventually
Sn(OH)4 nanotubes with a hollow
interior is formed.
Finally, porous nanowires obtained by
calcination at 500 oC according to the
reaction

Solvo plasma method for synthesis of porous tin oxide nanowires
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The solvo plasma oxidation method is based on the atmospheric plasma oxidation
of metals or metal oxides in the presence of alkali reagent for producing metal oxide
nanowires and porous metal oxides. Plasma oxidation allows for ultrafast timescales (on
the order of a few tens of seconds) compared to conventional hydrothermal method. Also,
hydrothermal methods utilize large quantity of water and oxidation time scales on the order
of several hours. The solvo-plasma oxidation method has been demonstrated with the
synthesis of TiO2, MoOx and WO3 nanowires as oxides of high melting point metals and
the tin oxide, zinc oxide as oxides of low melting point metals. The reaction time scales
are on the order of a minute or less. The experimental observations suggest that onedimensional growth occurs due to basal growth of nuclei during oxidation of molten metal
alloys with alkali metals111.
SnO2 nanowires were synthesized using a plasma-based synthesis technique as
discussed in our previous report38. In brief, bulk SnO2 powder (1-5) µm size (purchased
from Atlantic equipment engineer, Inc.) is mixed with potassium hydroxide (Sigma
Aldrich) in a 3:1 weight ratio. A thick paste is prepared by using a small amount of distilled
water. Small amount of the prepared paste was uniformly coated on a quartz substrate
(thickness ~100 µm). The quartz substrate with SnO2 paste was exposed to an atmospheric
plasma for 2 minutes. The experimental conditions used in the solvo-plasma method are
argon, air flowrates with 2 L min-1 and 10 L min-1, respectively. The flowrates were kept
constant throughout the experiments. The solvo-plasma process operating at a plasma
power of around 1 kW. After the reaction, the resulting thick SnO2 film was scraped from
the quartz substrate with a razor. The collected materials were suspended in 100 mL of
deionized water and sonicated for 1 h. After the sonication, the resultant mixture was
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transferred to a centrifuge tube, leaving behind the unsuspended larger particles. The
particle suspension was spun in the centrifuge for 1 h at 7000 rpm. The precipitate was
separated and dried at 80 °C to get the as-synthesized potassium-rich (~7 wt%) tin oxide
nanowires.
Porous tin oxide nanowires are synthesized by using the as synthesized potassium
stannate nanowires. They were first immersed in 0.1 M HCl solution for 1 h. Under the
etching step, the potassium ion from potassium stannate were ion exchanged with the
hydrogen ion in the crystal lattice. The HCl-treated samples were washed with DI water
and dried at 80 °C. Finally, the dried powder was calcined at 500 °C in air for 5 h.

Figure 4.1. SEM image analysis, TEM image analysis, X-ray diffraction analysis of as
synthesized and porous tin oxide nanowires
The morphology of as-synthesized SnO2 NWs and porous tin oxide NWs were
analyzed by using the SEM and TEM image analysis. As shown in Figure 4.1, the
dimensions of porous tin oxide NWs were measured approximately, 1-2 μm in length and
80-200 nm in diameter. Figure 4.1c shows a characteristic TEM image of the SnO 2
nanowires synthesized using solvo-plasma oxidation technique. The morphology of the assynthesized nanowires contains no observable structural defects even at the nanoscale
63

(Figure. 4.1c inset). After the etch treatment and calcination steps the morphology of tin
oxide nanowires is still maintained (Figure 4.1d). Possibly, the defects are introduced
between the atoms due to the following processes. In the acid etch treatment, the exchange
of the potassium ions with hydrogen ions occurs. Also, tin oxide is a much denser phase
compared to hydrogen stannate. So, during the calcination step, the phase transformation
through the loss of water led to generation of voids or pores inside the lattice. See the highresolution TEM image (Figure. 4.2a).

Figure 4.2. a) TEM image analysis of porous tin oxide NWs b) Brunauer−Emmett−Teller
(BET) analysis of tin oxide nanowires before and after the acid wash treatment.
Nitrogen adsorption-desorption isotherm of SnO2 porous NWs and as-synthesized
SnO2 nanowires was obtained, and the surface area of the samples were calculated by using
the Brunauer−Emmett−Teller (BET) method. They showed a type-IV isotherm with a
hysteresis loop in the relative pressure range of 0 to 1, this indicates the presence of
mesopores in the porous tin oxide nanowires. The BET specific surface area measured for
porous NWS was 35.0 m2 g-1 and for as-synthesized tin oxide NWs was 5.7 m2 g-1. The
specific surface area of porous NWs was increased by 5-6 times the original surface area.
Also, Barrett-Joyner-Halenda (BJH) pore size distribution is shown in the inset Figure 4.2.
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The average pore diameter obtained is about 7 nm. The value of pore diameter is correlates
with the model of type IV isotherm.

4.3

Synthesis of porous titania nanowires

Titania NWs find wide-spread applications because of their superior properties
such as low toxicity, environmental safety, chemical stability, favorable mechanical
properties, large band gap (3.2 eV) and high refractive index. With the increasing search
for renewable sources as alternative routes of energy to meet growing demands,
development of TiO2 based devices grown on the account of the Ti being the 9th most
abundant metal in earth crust (0.57%). Porous titania nanowires with diameters ranging
from 100-200 nm and length of 4-6 µm are synthesized using the solvo plasma technique
as shown in Figure 4.3. The advantages of porous nanowire structure also include large
surface area (30-40 m2/g) measured using the BET surface area analysis; nanostructured
pores provide good windows to anchor active metal nanoparticles in the pores. This would
potentially improve the number of the active sites and the catalyst activity. As synthesized
nanowires can be made porous to improve surface area to ~40-50 m2/g from 5-7 m2/g
baseline value by alloying with alkali metals precursors first and removing them
subsequently by 1M HCl treatment.
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Figure 4.3. a) Scanning electron microscopy image analysis of porous titania NWs b) Hi
resolution TEM image analysis of porous titania NWs, and c) BET surface area
analysis of porous titania NWs
The potassium titanate (K2Ti6O13 (s)) nanowires synthesized by the solvo plasma
method undergoes the following reaction mechanisms from equation 4.1 to equation 4.3.
Porous TiO2 NWs can be produced via a simple treatment by immersing K 2Ti6O13 NWs
powder in 1M HCl solution for 1 h to etch the potassium-rich titanium oxide nanowires. In
the etching step, many of the K atoms are ion changed with hydrogen atom may cause the
dislocations or defects throughout nanowires.
6 TiO2 (s) + K2CO3 (s)
K2Ti6O13 (s) + 2HCl (l)
H2Ti6O13 (s)

K2Ti6O13 (s) + CO2 (g) ------(4.1)
H2Ti6O13 (s) + 2KCl ----------(4.2)

6 TiO2 (s) + H2O (g) ----------(4.3)

Porosity can be controlled from equation 3 by adjusting the calcination temperature
of the reaction. A range of 450-600 deg C temperatures were used to obtain the higher
surface area nanowires. As shown in Figure 4.4, the highest surface area obtained is about
43.5 m2/g at a temperature of 450 deg C in comparison to the starting material has only the
surface area of 5-6 m2/g.
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Figure 4.4. Experimental data showing the a) Surface area control in the porous titania
nanowires with the change in the calcination temperature b) Hi resolution TEM image
analysis of porous titania NWs
It is observed that the surface area is gradually reduced with the increase in the
calcination temperature. To understand the decrease in the surface area of titania NWs with
the increase in calcination temperature, the samples were characterized with X-ray
diffraction analysis and SEM image analysis. As shown in Figure 4.5, from X-ray
diffraction analysis for samples with the increase in calcination temperature indicate the
gradual phase transformation of titania anatase phase to rutile phase. Also, SEM image
analysis shows the porous NWs modification to solid titania nanowires at higher
calcination temperature. The decrease in surface area of titania NWs could be related to the
phase transformation and structural rearrangement of titania NWs crystal lattice at higher
calcination temperatures.
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Figure 4.5. Experimental data of a) Calcined porous titania NWs X-ray diffraction analysis
at different temperatures (1) at 450 deg C for 2 h (2) 600 deg C for 2h (3) 800 deg C
for 6 h b) SEM image analysis of calcined porous titania nanowires at 800 deg C for
6 h.
In-situ TEM analysis on the hydrogen titanate nanowires
In situ TEM heating experiments were also conducted to understand the pore
formation mechanism and to identify the temperature of the pore formation. This
experiment was carried out on the synthesized hydrogen titanate nanowires. The
measurements are collected at a different temperature of 25 deg C, 200 deg C, 400 deg C
and 470 deg C. The nanowires were diligently analyzed for any surface modifications. It
was observed that the morphology of HTO (hydrogen titanium oxide) nanowires remained
like the pristine nanowire form. However, at a temperature of 400 deg C, the surface started
to form the brighter spots should be related to formation of pores. The pores were clearly
visible at a temperature 470 deg C as shown in Figure 4.5e. This temperature of pore
formation is closer to the synthesis temperature of high surface area nanowire experimental
data.
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Figure 4.5. In-situ TEM experimental data on the hydrogen titanate nanowires collected
at heating temperatures of a) 25 deg C b) at 200 deg C c) at 400 deg C d) at 470 deg C e)
at higher magnification and 470 deg C

4.4

Synthesis of porous alumina nanowires
Porous alumina nanowires with high surface area have been synthesized by using

a wet chemical method. High surface area alumina nanowires could be used as catalyst
support to anchor the active metals on the support, thus anchoring the support material and
preventing the sintering of particles during the high temperature catalysis reactions. Also,
alumina NWs provides the optimal acid-base sites needed for the higher activity of the
catalyst. The synthesis process of alumina nanowires is as follows: aluminum metal powder
is slowly mixed with 0.5 M potassium hydroxide/potassium carbonate and P H of the
solution measured is about 11-13. The temperature solution is maintained around 100 deg
C by using the hot plate. The aluminum metal is added slowly to the beaker as the reaction
is exothermic and liberates lot of heat during the reaction. This reaction took place in about
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6-7 h to yield the mixed phases of potassium alumina nanowires and aluminum hydroxide
nanowires. Furthermore, potassium aluminate nanowires are water washed and acid treated
in concentration of 0.1 M HCl to transform into the aluminum hydroxide nanowires.
Furthermore, thermal decomposition of alumina hydroxide nanowires at a temperature of
650 deg C to form the Ɣ-Alumina nanowires as observed in reaction (4.4).
Al(OH)3

Al2O3 + 3 H2O ----------- (4.4)

As shown in Figure 4.6, X-ray diffraction analysis confirms the transformation of
potassium alumina nanowires to aluminum hydroxide nanowires and the formation of
gamma alumina nanowires from the aluminum hydroxide nanowires. The porous alumina
NWs formation involves the following steps, first step is to conversion of all the as
synthesized alumina NWs into the alumina hydroxide nanowires by the ion exchange of
potassium ions with the hydrogen ions. Second step involves the calcination of the
converted alumina hydroxide nanowires to form the Ɣ-alumina nanowires. The high
porosity of the nanowires could be a result of phase transformation and dehydration of
water molecules from the alumina hydroxide NWs.
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Figure 4.6. X-ray diffraction analysis of alumina NWs (1) After the calcination at 650 deg
C (2) Before the calcination

Figure 4.7. Electron microscopy images of porous alumina nanowires: (a) SEM image
analysis and (b) & (c) Brightfield TEM image analysis.
Porous nanowires are further characterized by using the SEM and TEM image analysis as
shown in Figure 4.7. Alumina nanowires with the diameters of about 20-50nm and length
of 500 nm-1µm has been synthesized. TEM image analysis shows that the nanowires are
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very thin and contains several micro pores. In addition, BET surface area for porous
alumina nanowires is measured for several samples and it is in the range of 160-300 m2/g.

4.5

Mechanism of pore formation in the nanowires

A mechanism is proposed to explain the pore formation in nanowires based on the
experimental observations, experimental data analysis and phase transformation. The
mechanism is explained with the example system of titania nanowires. A schematic
representation of pore formation mechanism is shown in Figure 4.8. Based on the equations
(4.5) & (4.6), potassium titanate NWs are ion change with HCl to form the hydrogen
titanate NWs. Furthermore, hydrogen titanate NWs are calcined to synthesize the porous
titania NWs.

Figure 4.8. Schematic representation of the pore formation mechanism in the titania
nanowires
K2Ti6O13 (s) + 2HCl (l) H2Ti6O13 (s) + 2KCl ----------(4.5)
H2Ti6O13 (s)

6 TiO2 (s) + H2O (g) ----------(4.6)

In the ion exchange process step (2), potassium ions in the titanate structure are ion
exchange with the hydrogen ions to form the hydrogen titanate. The formation of pores is
related to the dehydration of interlayered OH groups in hydrogen titanate. The loss of OH
groups may form two types of lattice defects such oxygen vacancy and hydrogen vacancy
as reported112. From the principle of charge neutrality and Kroger and vink’s symbols, the
reaction may be written as follows (equation 4.7)
2OH H2O+VOo+VH’ -------------(4.7)
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This loss of hydroxy ion and phase transformation lead to the formation of pores in
the titania NWs. The lattice defects from oxygen and hydrogen ion could cluster together
and the growth of the clusters lead to the formation of pores or voids in the nanowires.
Similarly, dehydration of hydroxy ions in the hydrogen stannate and aluminum hydroxide
phases lead to the formation of porous nanowires.
Also, it is calculated that material volume changes from hydrogen titanate to titania
considerably high because of the density differences and loss of water molecules. This
reduction in material volume compensated by the formation of pores in the nanowires
during the phase transformation. For example, the molar volume for hydrogen titanate is
reduced to 70% compared to the titania NWs molar volume. It is corresponding to a free
volume creation of 30%. The free volume formation calculations are also shown for other
systems as well (Table 4.2).
Furthermore, in-situ TEM experimental data of hydrogen titanate nanowires
indicate that the pore formation appears to start at a calcination temperature of 400 deg C
and further increase in temperature lead to the obvious pore formation at a temperature of
470 deg C. This is the similar calcination temperature used to obtain the porous nanowires
experimentally and it is also reported that mesoporous transformation of hydrogen titanate
occurs around a calcination temperature of 400 deg C 113. Moreover, as shown in Figure 4.4
with the increase in the calcination temperature, the surface area increases up to 450 deg
C, and then a decrease in surface area is noticed after the 450 deg C temperature. The
decrease in surface area after the temperature of 450 deg C is attributed to the phase
transformation of titania (anatase) to titania (rutile) phase.
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Table 4.2. Free volume calculations and mesoporous phase transformation temperature for
different nanowire systems

Porous
Percentage
Temperature
NWs
free volume
of
NWs
BET
from solid
mesoporous
material
Surface
NWs to
NWs
synthesized
area
porous NWs transformation
measured
transformation
(deg C)
(m2/g)

Titanium
dioxide

36-43

30%

400

Tin dioxide

35-36

25%

473

Alumina

150-180

40%

70-80

Tungsten
Oxide

3-6

18%

350

Structure of mesoporous
material

Alumina NWs system exhibited the high surface area (150-180 m2/g) compared to the other
systems. This could be related to the low phase transformation temperature of alumina at
150-180 deg C compared to the other nanowire systems from the Table 4.2. At low phase
transformation temperatures, the limited mobility of atoms and vacancies and thus limiting
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the growth of vacancy clusters. This leads to the smaller pore formation and smaller
diameter nanowires.

4.6

Chapter summary
This chapter discusses the synthesis and mechanism of formation of porous tin

oxide, titania nanowires, alumina nanowires. Porous tin oxide and titania nanowires were
synthesized by using the solvo plasma method whereas alumina porous nanowires were
synthesized by using a simple wet chemical method. The underlying mechanism for the
formation of pores in the resulting nanowires is because of ion exchange mechanism and
dehydration hydroxides ions followed by the phase transformation into the porous
nanowires.

In-situ TEM experimental data, XRD data, and BET data support the

mechanism of pore formation. It is also observed that the calcination temperature for
converting hydrogen titanate to titania is significant in control of surface area of resulting
titania nanowires. Furthermore, phase transformation from anatase titania to rutile titania
structural rearrangement lead to the lower surface area NWs.
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CHAPTER 5 SYNTHESIS OF MIXED METAL OXIDE
NANOWIRES VIA SOLID STATE ALLOYING OF
SOLUTES WITH BINARY METAL OXIDE NANOWIRES
This chapter presents a generic method for synthesis of mixed metal oxide
nanowires using solid-state diffusion of solutes into binary oxide nanowires. The solidstate alloying of metal oxide nanowires is performed using a few liquid and solid phase
precursors to produce mixed metal oxide alloy nanowires. Specifically, copper alloying
using copper nitrate precursor into the titania nanowires is studied in detail as an example.
Several fundamental studies were performed using differential scanning calorimetry. The
resulting nanowires are characterized using electron microscopy image analysis, TEM
EDX elemental analysis and X-ray diffraction analysis techniques to understand the
uniformity in alloying and crystal structure changes in the nanowires. This chapter also
covers many other experiments involving solid state alloying of alumina, zinc oxide and
titania nanowires with copper, nickel, cobalt, and zirconium containing precursors. Based
on the experimental data and thermodynamics, a model is proposed to explain mechanistic
aspects of solid-state alloying of solutes in to nanowires.

5.1
5.1.1

Synthesis of alloyed nanowires via solid state alloying

Synthesis of copper alloyed titania nanowires via solid state alloying

Copper alloying experiments with titania nanowires were performed using the following
simple procedure. First, titania nanowires were mixed with the copper nitrate precursor
dissolved in water. The amount of nitrate precursor was determined based on the amount
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of copper alloying desired in nanowires. Several experiments were conducted using
different amounts of copper nitrate precursors toward obtaining titania nanowires with
composition of copper ranging from 2 at% to 15 at% to that of titania NWs. Second, the
precursor materials were dried at 80 deg C for 1h. Finally, the dried materials were exposed
under the inert atmosphere at 500 deg C for 1h. Figure 5.1a shows scanning electron
microscope images of the TiO2 NWs before and after alloying with the precursors. SEM
images show that nanowire morphology is retained even after the alloying reaction. The
average diameters of nanowires ranged from 150 to 200nm and lengths ranged from 1 to 2
microns. So, there were no morphological changes to the alloyed nanowires compared to
original titania nanowires. Figure 5.1b shows the X-ray diffraction analysis of alloyed
titania NWs. The diffraction peaks correspond to only titania anatase phase in the alloyed
nanowires with a nominal composition of 12 at% for copper. There are no other peaks
observed indicating that no copper oxide is formed. Furthermore, a slight shift in X-ray
diffraction peaks occurred towards higher angles. The observed shift in the X-ray
diffraction peaks indicates that the copper is alloyed into the crystal lattice of titania NWs.
In this case, lattice contraction of titania NWs could have occurred as the ionic radii of
copper atom (0.57 Ao) is smaller than that of the titania atom ionic radii (0.605 Ao). This
might be correlated with the substitutional replacement of Ti4+ sites with Cu2+ions. As
shown in Figure 5.1 e&f, Raman structural analysis is performed on the alloyed titania
nanowires. An apparent shift in Raman peaks were seen because of structural changes in
the solvent titania phase. Only the spectral bond changes or vibrations from the titania
molecules were detected, no secondary phases of copper oxide were observed. The results
from the Raman experiment were in consistence with the X-ray diffraction analysis studies.
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However, experiments involving molar composition of copper nitrate precursor extended
above 12% into the titania yielded the secondary phase of copper oxide along with the
titania anatase phase.

Figure 5.1. SEM image analysis of cu (8 at%) alloyed titania nanowires a) before alloying
b) after alloying; c) X-ray diffraction analysis of alloying from 0 at% to 15% of Cu
into the titania NWs; d) Peak shift analysis of copper alloyed titania NWs; e) Raman
analysis of copper alloyed titania NWs; and f) Raman peak shift analysis of copper
alloyed titania NWs.
Furthermore, copper alloying into the titania NWs is verified by using the HRTEM
(High resolution transmission electron microscopy). Before the alloying, Figure 5.2a TEM
image analysis shows the presence of nano clusters of dried copper nitrate precursor on the
nanowire surface. After the alloying, the nanoclusters were appeared to be dissolved into
the titania NWs. This is also confirmed with the elemental TEM EDX elemental analysis
as shown in Figure 5.2a. The data shows that the nanoclusters of copper on the surface of
titania NWs before alloying. Copper precursor layer appeared to be uniformly incorporated
into the lattice of titania NWs after the alloying. There were no surface or segregated
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particles of copper is seen on the titania NWs. Moreover, as seen in Figure 5.2d TEM EDX
line scan profile on a single nanowire shows the straight-line profile of copper
concentration after the alloying. This confirms that the copper concentration is uniform
along the diameter of NWs. In contrast, TEM EDX elemental line scan profile before the
alloying shows the non-uniform distribution of copper as shown in Figure 5.2c. Also, it is
measured from the TEM EDX elemental analysis for a nominal composition of 12 at%, an
atomic composition of about 8 at% of copper is alloyed into a single titania NW.

Figure 5.2. TEM image analysis of copper alloyed titania NWs: a) before alloying and b)
after alloying. TEM EDX line profile analysis of copper alloyed titania NWs along
the diameter of NWs c) before alloying, and d) after alloying
Next, we performed the UV-Vis spectroscopy experiment on copper alloyed titania
NWs to understand the changes in the optical spectrum. The light absorption edge of copper
alloyed titania NWs was extended from ultraviolet into the visible spectral range of the
spectrum. As shown in Figure 5.3d, the shift towards visible spectrum was increased with
the higher amount of copper alloying into the titania NWs. The increase in the range of
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visible light to be captured to generate the more carriers were useful in the photo catalysis
application.
5.1.2

Copper alloying into the titania NWs at a shorter reaction time
To lower the alloying reaction time, the samples were exposed for a short duration

of 30 mins in inert atmosphere. As shown in Figure 5.3, TEM EDX elemental analysis
confirms that the copper is distributed uniformly along length and diameter of the titania
nanowires. There is no segregation of copper on the nanowire surface. This result shows
that the solid-state reaction could occur at shorter time under the nanoscale in comparison
to the solid-state alloying in bulk materials carried out for several hours to days.

Figure 5.3. TEM EDX elemental analysis of copper (8 at%) alloyed titania NWs in a
vacuum furnace
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5.1.3

Synthesis of nickel alloyed titania nanowires via solid state alloying method

Figure 5.4. Nickel alloying into the titania NWs a) SEM image analysis of nickel alloyed
titania NWs; b) TEM EDX elemental analysis of nickel alloyed titania NWs; and c)
X-ray diffraction analysis of nickel alloyed titania NWs and titania NWs d) Peak shift
analysis of nickel alloyed titania NWs
Here, experiments were conducted to obtain a nominal composition of 8 wt% of
nickel into titania NWs. The sample is prepared by mixing the nickel nitrate precursor with
titania NWs. Later, the precursor materials were dried at 80 deg C for 1h. The sample was
grounded, and solid state alloyed at 500 deg C under the inert atmosphere for 1h. SEM
image analysis, X-ray diffraction analysis, and TEM EDX elemental analysis performed to
understand the extent of alloying and distribution of nickel in the titania NWs. From the
Figure 5.4, SEM image analysis of the titania nanowires alloyed with nickel shows the
morphology of nanowires with the lengths are of around 4-6 micron and 150-200 nm in
diameter. Also, as shown in Figure 5.5c, TEM EDX elemental analysis on the nickel
alloyed sample indicate that the nickel is distributed uniformly throughout titania
nanowires. Furthermore, X-ray diffraction analysis reveals that the sample contains the
anatase phase of titania as major phase, and no other X-ray diffraction analysis peaks of
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nickel oxide are observed. Also, the peak shift towards the right side indicates that the
titania lattice is contracted due to the alloying of nickel atoms. This result clearly indicate
that the nickel is alloyed into the titania NWs.
5.1.4

Alloying experiments using various metal oxide nanowires and solutes

Figure 5.5. TEM EDX elemental analysis of a) copper alloyed alumina NWs (up to 20%)
b) Zirconia alloyed titania NWs up to 8% c) X-ray diffraction analysis of copper
alloyed alumina NWs d) UV-Vis analysis of copper alloyed titania NWs
To check the applicability of the alloying process to the other nanowire systems,
solid state alloying experimental studies performed with titania, alumina and zinc oxide
nanowires using various solute precursors. It is reported that the thermodynamic solubility
of zirconium into titania is very limited. So, experiments involving zirconium (ionic radii0.72 Ao) alloying into titania nanowires were performed to understand the solubility at
nanoscale. Similarly, experiments were also conducted on solid state alloying of solutes in
to zinc oxide nanowires to understand solubilities at nanoscale. Alumina NWs dimensions
are relatively smaller in comparison to the titania NWs. So, several experiments on alumina
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NWs were conducted to understand the effect of smaller dimensions of nanowires on the
thermodynamic solubility limits at smaller nanowire diameters. Figures 5.5a and 5.5b show
the images of porous alumina, titania NWs alloyed with the copper precursor, and
zirconium nitrate precursor. Porous alumina nanowires were alloyed with copper precursor
using a procedure like that described for titania NWs earlier. The resulting alloyed
nanowires were characterized using X-ray diffraction analysis and TEM EDX elemental
analysis. The results confirmed that the uniform alloying of copper into alumina NWs with
no signs of the copper oxide secondary phase formation. Furthermore, copper alloying is
extended up to 18 at % in alumina nanowires in comparison to titania nanowires at 8 at%.
This could attribute to the reduced dimensions of (diameter of 20-50 nm) of alumina NWs
in comparison to the diameter of titania NWs (150-200 nm diameter). TEM EDX elemental
analysis on a titania nanowire shows that it is alloyed with zirconium alloyed up to 8 at%.
It is reported that the zirconium thermodynamic solubility in titania very low. Zirconia is
thermodynamically soluble up to 5 at% in titania at 1700 deg C from the thermodynamic
phase diagrams114. Also, ex-situ alloying of zirconia using thin uniform coating of
zirconium around titania nanowires were attempted in the literature and only a trace amount
of zirconia is found to be alloyed into the titania NWs20. Moreover, the thermodynamic
phase diagrams of CuO-TiO2 and CuO-Al2O3 systems at 500 deg C indicate non-existence
of solid solutions 115, 116. So, the results obtained here clearly show an extended solubility
in nanowires than that of bulk materials. This could be attributed to the available higher
surface energy at the nanowire surface. Higher surface energy of nanoscale surfaces
promotes alloying with solutes. Increased concentration of solutes at surfaces leads to
diffusion of solutes into bulk of the nanowires. As the length scales between pores are as
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small as few nanometers, the surface alloying leads to re-distribution of solute uniformly
into nanowires. The net effect is that the increased surface energy of nanowires leads to
increased dissolution of solutes into nanowires.
5.1.5

Synthesis of cobalt alloyed zinc oxide nanowires via solid state alloying

Figure 5.6. Alloying of cobalt into the zinc oxide nanowires a) X-ray diffraction analysis
of zno nws alloyed with cobalt nitrate precursor b) SEM image analysis of zinc oxide
nanowires alloyed with the cobalt precursor
In the Figure 5.6, solid state alloying of cobalt into the zinc oxide nanowires was
carried out using the cobalt nitrate precursor and zinc oxide nanowires as the solvent phase.
The experiment was conducted at a temperature of 500 deg C for 1h under the inert
atmosphere. From the X-ray diffraction analysis, it is noticed that the cobalt is alloyed upto
the nominal composition of 20 at% cobalt nitrate; beyond that composition there is a
segregation of cobalt oxide observed. SEM image analysis shows that the nanowire
morphology still retained after the alloying process. Higher amount of alloying of up to 20
at% of cobalt into the zinc nanowires seems possible. Such high concentrations are
probably due to higher thermodynamic solubility limit expected for cobalt in the zinc oxide
at nanoscale.
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5.2 Differential scanning calorimetric studies of copper alloying with titania
nanowires
Furthermore, differential scanning calorimetry (DSC) tests were conducted at
different heating rates using the 8 at% of copper precursors coated on titania NWs. This
data is used to understand the alloying temperature of the copper alloyed titania NWs.
Figure 5.7a shows the thermograms at different heating rates of (2, 5, 7.5 and 10 deg/min).
In the thermogram, endothermic peak corresponds to a temperature of 179.3 deg C shifted
to the lower temperatures as the heating rate is decreased. The shifting of endothermic peak
could correspond to reaching thermal equilibrium at lower heating rates. Figure 5.7d shows
the decomposition of the precursor at a heating rate of 10 deg/min, endothermic peaks at
around 130 deg C corresponds to chemically bonded water evaporation and at a
temperature 270 deg C for the decomposition of copper nitrate into the oxides of copper,
nitrous oxide, oxygen as reaction products. DSC experiments were also performed in
different gas environments of nitrogen and air as shown in Figure 5.6b. Sample exposed
under atmospheric pressure showed thermogram peaks closer to the copper nitrate
decomposition temperature of 248 deg C. Whereas, the sample exposed under nitrogen
environment showed the different endothermic peak at 179.2 deg C. This result may
indicate that alloying under oxygen lean atmosphere is occurring at a lower temperature
than the decomposition temperature of precursor. Furthermore, similar DSC tests were
conducted on bulk titania samples under nitrogen atmosphere to understand why copper
was not alloying into bulk materials. Interestingly, from Figure 5.6c endothermic peaks
correspond to bulk titania sample showed around 261 deg C closer to the decomposition
temperature of copper nitrate precursor. These results indirectly correlate with the
segregated phase formation of bulk titania and copper oxide and the effect of partial
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pressure of oxygen in the environment. Based on the above experiments, two types of
reactions are inferred: decomposition reaction at around 250-260 deg C and alloying
reaction at around 180 deg C.

Figure 5.7. DSC analysis of copper alloyed titania NWs a) with different heating rates; b)
with in different atmospheres; c) copper nitrate loaded (12 at%) TiO2 NWs and TiO2
bulk powder; and d) on copper nitrate precursor
Gibbs free energy is calculated as a function of temperature on the copper nitrate
decomposition reaction and copper nitrate alloying reaction of with the titania NWs. The
Gibbs free energy values for reactions 5.1 and 5.2 are shown in Figure 5.8. Here, for the
Gibbs free energy calculations, it is assumed that the alloyed copper titania phase has the
similar Gibbs free formation energy that of composite mixture of titania and copper oxide.
The decomposition reaction reaches the negative values of Gibbs free energy at about 227
deg C and alloying reaction reaches negative value at about 135 deg C. This observation
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indicates that the alloying reaction is favorable at lower temperature than the
decomposition reaction. This result is consistent with the DSC data analysis as well.
Decomposition reaction: Copper nitrate decomposition is given as
Cu(NO3)2

CuO+2NO2+1/2 O2 -------(5.1)

Alloying reaction: Precursor alloying reaction with the titania NWs
0.92TiO2+0.08Cu(NO3)2 0.92TiO2 + 0.08 CuO+0.16 NO2+ 0.08O2. ----------(5.2)
0
0
0
0
∆𝐺𝐷𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑥𝑛 = 𝐺𝑓,𝐶𝑢𝑂
+ 2 ∗ 𝐺𝑓,𝑁𝑂2
+ 0.5 𝐺𝑓,𝑂2
− 𝐺𝑓,Cu(NO3)2
0
0
0
0
∆𝐺𝐴𝑙𝑙𝑜𝑦𝑖𝑛𝑔 𝑟𝑥𝑛 = 0.08 ∗ 𝐺𝑓,𝐶𝑢𝑂
+ 0.16 ∗ 𝐺𝑓,𝑁𝑂2
+ 0.08 ∗ 𝐺𝑓,𝑂2
− 0.08 ∗ 𝐺𝑓,𝐶𝑢(𝑁𝑂3)2

Figure 5.8. a) Gibbs free energy calculated as a function of increase in temperature b) Inset
of 5.8 (a)
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Figure 5.9. X-ray diffraction analysis of copper alloying in titania NWs at a temperature
lower than the decomposition temperature (at around 190 deg C)
Furthermore, alloying experiments were carried out at lower temperature than the
decomposition temperature of 225-250 deg C. From Figure 5.9, X-ray diffraction analysis
performed on alloyed samples synthesized at 190 deg C. The samples showed uniform
alloying up to the composition of 20 at% precursor. This further confirms that the alloying
reaction takes place at a temperature lower than the decomposition temperature.
Kissinger plot to determine the kinetic parameters K, Ea
From the DSC data of Figure 5.6a, the peak temperatures are obtained at different
heating rates and plotted as shown in Figure 5.10.

Figure 5.10. Kissinger plot obtained from the data using the DSC experimental technique
to determine the kinetic parameters of the reaction
where TP is the peak temperature of the DSC curve

𝑑

(𝑑α)
𝑑𝑡 = 𝐴 ∗ 𝑒𝑥𝑝(− 𝐸𝑎 ) ∗ 𝐸𝑎 (1 − α)𝑛 𝑑𝑇 − 𝑛(1 − α)𝑛−1 𝐴 ∗ 𝑒𝑥𝑝(− 𝐸𝑎 ) (𝑑α) = 0
𝑑𝑡
𝑅𝑇 𝑅𝑇 2
𝑑𝑡
𝑅𝑇 𝑑𝑡
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Here beta is

𝑑𝑇
𝑑𝑡

, assuming the first order reaction and at constant heating ramp rate.

By using the slope and intercept of the equation (5.3), kinetic parameters A, Ea are
determined form the above plot.

------- (5.3)
By using the equation k=A*exp(-Ea/R*T) the value of K is determined, at equilibrium
the value of Gibbs Free energy of alloying reaction is determined by using the following
equation
∆𝐺0 = 𝑅 ∗ 𝑇 ∗ 𝑙𝑛(𝐾)
Table 5.1. Values of kinetic parameters evaluated from the DSC data
Value of activation Energy
(Ea)

Pre exponential factor (A)

Rate Constant (K)

176.45 KJ/mol

2.563*1020
3.10753*10-8 s−1

As reported in the literature that diffusion of metal ions inside the metal oxide
lattice may contribute to major portion of the activation energy117. So, it is possible that the
activation energy of 176.45 KJ/mol could correspond to the activation energy needed for
diffusion of copper ions inside the lattice of titania NWs.

5.3 Alloying studies with various physical forms of the precursors
5.3.1

Copper metal precursor coated on titania NWs
It is also important to understand the rationale behind the selection of precursors

toward solid state alloying reaction. In an experiment, a thin layer of 20nm uniform copper
metal layer was deposited on titania nanowires using a thermal evaporator. The sample was
subjected to heating inside a TEM microscope using in-situ heating stage. The TEM stage
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was heated up to 500 deg C and was kept at the reaction time of 1h. In comparison, similar
sample was treated under the conditions of vacuum annealing. The samples were analyzed
with TEM EDX elemental analysis. As shown in Figure 5.11b, it is observed that the 20nm
copper layer tends to form smaller nanosized particles on the surface of nanowires under
the TEM in-situ heating conditions. The similar sample under the conditions of vacuum
annealing also showed the similar particle formation on the top of nanowire instead of
alloying. This observation clearly indicates that solid copper layers are not suitable for solid
state alloying reactions. The cohesive energy of copper may prevent it from reacting with
titania surfaces. Additional experiments were carried out using other solid and liquid
precursors of copper oxide and copper acetate.

Figure 5.11. Thermal evaporation of cu metal layer on the titania NWs a) Metal copper
20nm layer as coated; b) after the In-situ heating in the TEM at 500 deg C for 1h; and
c) vacuum annealing of copper metal coated on titania NWs at 500deg C
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5.3.2

Copper nitrate precursor coated on the titania nanowires
TEM image analysis performed on the as prepared titania NWs, copper nitrate

coated titania nanowires, and, on the copper alloyed nanowires as shown in Figure 5.12.
The TEM image analysis is performed at different image resolutions. As prepared titania
nanowires shows the crystalline nanowires with defects. The copper precursor coated on
titania nanowires shows a thin (less than 1nm) non continuous layer of copper nitrate
precursor. In the alloyed nanowires, the copper precursor layer was completely alloyed into
the nanowires. There is no noticeable layer of copper nitrate precursor coating is observed.

Figure 5.12. TEM image analysis at different resolutions of a) as synthesized titania porous
nanowires; b) copper nitrate precursor coated porous titania nanowires with discreet
nanoclusters of copper nitrate; and c) copper alloyed titania nanowires after solid state
alloying under inert atmosphere.
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5.3.3

Copper acetate and copper oxide precursor coated on titania NWs
Solid state alloying experiments were performed using solid and liquid precursors

of copper oxide and copper acetate. The precursors were first dissolved in water. Later, a
fine paste was prepared by mixing with the titania NWs. The samples were dried at a
temperature of 85 deg C under the atmosphere conditions. Then the samples were grounded
and used with the DSC analysis. The change in enthalpy of reaction as a function of the
temperature is measured. Figure 5.13c shows that at about 120 deg C there is an
endothermic peak corresponding to the water evaporation from the sample. The peak at
about 200 deg C corresponds to the alloying of copper acetate precursor with the titania
NWs and at about 250 deg C the copper acetate decomposition occurred along with other
gaseous by products. The peak at about 200 deg C could be attributed to the slower alloying
kinetics of copper acetate reaction with the titania nanowires.
Also, the titania NWs were alloyed with the copper oxide precursor, as shown in
the Figure 5.14c. The data shows that the copper oxide shown a small endothermic peak at
about 250 deg C. This could correspond to the copper oxide transformation to other oxides
of copper. Also, the TEM EDX elemental analysis on the copper oxide alloyed with titania
sample shows the segregated copper oxide on the titania NWs. The studies using different
precursors suggest that acetates and nitrates of precursors are more favorable for reaction
with metal oxide surfaces than oxide and/or metallic precursors.
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Figure 5.13. a) &b) X-ray diffraction analysis of copper acetate precursor alloyed with
titania NWs; and c) DSC analysis of titania nanowires coated with the copper acetate
precursor.

Figure 5.14. a) &b) TEM EDX elemental analysis of copper oxide alloyed with the titania
NWs; and c) DSC analysis of the copper oxide precursor coated titania NWs
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5.3.4

Alloying studies on the solid-state precursors

Figure 5.15. SEM image analysis and X-ray diffraction analysis of the lithium aluminate,
sodium aluminate and nanowires
Here, lithium aluminate and sodium aluminate thermodynamically stable metal
oxide nanowires were synthesized by reacting the solid precursors of sodium hydroxide or
lithium hydroxide with the alumina nanowires at the thermodynamically desired
temperatures. In brief, the required molar composition of precursors was wet mixed and
dried at a temperature of 80 deg C for 1h. Later, the precursor mixture was grounded, and
solid state alloyed at a temperature of 700 deg C for 3h to obtain the thermodynamically
stable mixed metal oxide nanowires. As shown in Figure 5.15., SEM image analysis shows
the nanowires morphology is retained after the reaction and X-ray diffraction analysis
shows the pure phases of lithium aluminate and sodium aluminate nanowires.

94

5.4 Copper alloying with the bulk sized precursor and studies on flame
environments to enhance the solubility limits
The following alloying experiments were conducted with titania nanowires in
comparison with the bulk sized titania precursor materials. Like the previous studies of
copper alloyed with titania NWs, copper nitrate precursor is mixed with the 5-micron bulk
sized titania powder. The precursor mixer was dried, and vacuum annealed to obtain the
alloyed nanowires. Figure 5.16a shows the TEM EDX elemental analysis on the copper
alloyed with bulk titania material. There is a presence of surface segregated copper oxide
and no alloying of copper into the bulk of the titania sample is observed. Also, X-ray
diffraction analysis of the copper alloyed with bulk titania shows the peaks related to the
secondary crystalline copper oxide. These results indicate that the copper is not alloyed
into the bulk of titania as observed in the case of copper alloyed titania nanowires. Also,
the copper oxide formed is remained as a binary composite of TiO2-CuO.
Experiments were conducted with different plasma flame exposures to check the
effect of rapid heating on alloying process and possibility to promote the oxygen vacancy
formation during the alloying process. The hypothesis is that the alloying can be enhanced
through the creation of more oxygen vacancies, and this could accelerate the vacancy
diffusion of alloying element into bulk of nanowire. Copper nitrate precursor with the
composition of 12 at% loaded on titania nanowire samples were exposed to nitrogen and
hydrogen plasma environments for a duration of 1 min in a different experiment. The
samples were characterized with the X-ray diffraction analysis to check the possibility of
expanding the alloying limits under rapid heating environments. From Figure 5.16c, the
sample exposed with nitrogen plasma X-ray diffraction pattern exhibited separate
diffraction peaks of two crystalline phases of titania rutile and anatase titania. Also, there
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were diffraction peaks correspond to crystalline phase of copper oxide as well. This result
indicates that the rapid heat could have caused the immediate decomposition of the copper
nitrate precursor into the copper oxide and higher plasma temperature caused the phase
change of titania nanowires from anatase to the rutile phase. On the other hand, a similar
sample is exposed under the hydrogen plasma environment. The plasma power used was
relatively low plasma power compared to the nitrogen plasma. As shown in Figure 5.16c,
X-ray diffraction pattern shows the peaks correspond to the crystalline copper phase and
titania anatase phase. The formation of copper crystalline phase could relate to the
reduction of copper oxide formed from the decomposition of copper precursor under the
reductive environments. There are no phase changes to titania nanowires at the low power
microwave plasma.

Figure 5.16. a) TEM EDX elemental analysis; b) X-ray diffraction analysis of the copper
alloyed titania NWs and bulk titania; and c) Exposure of copper nitrate coated titania
NWs under different flame environments.
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5.5 Proposed mechanism of alloying of copper into the titania NWs
A model for the alloying of copper into the titania nanowires is proposed based on
the experimental observations. Figure 5.17 (A) shows that copper nitrate precursor forms
a reactive intermediate non continuous layer of copper nanoclusters (<1 nm) on the surface
of titania nanowires. It is hypothesized that the copper atoms are dissolved though the
nanoscale surface reaction between copper nitrate precursor and titania NWs.

The

diffusion of copper atoms from the surface to bulk of the titania NWs could be aided by
the counter diffusion of oxygen vacancies from bulk to surface of titania NWs.

Figure 5.17. Structural model depiction of mechanism of copper alloying process into the
titania NWs using the VESTA software A) Schematic of alloying process on the
nanowires B) Atomic model visualization of copper alloying process in the titania
NWs.
The solid-state alloying mechanism is explained through the following steps.
Step (a)- As synthesized nanowires coated with the copper nitrate precursor
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Step (b)- Formation of the reactive intermediate of copper nitrate on the surface of titania
NWs
Step (c)- Favored by the vacancy mediated diffusion of copper atoms into the bulk of the
titania nanowire material.
From Figures 5.7 and 5.8 DSC data and Gibbs energy calculations, it is possible
that alloying reaction of copper nitrate precursor with titania nanowires and decomposition
reaction of copper nitrate to copper oxide, nitrous oxide, are the two major competing
reactions. The alloying reaction temperature is measured around 170-190 deg C and the
decomposition temperature of copper nitrate precursor is about 225-250 deg C from the
DSC experiments. It is found from the DSC experiments that the decomposition of
precursor may not be necessary for alloying. Therefore, alloying experiments were
conducted before the decomposition temperature of precursor 225-250 deg C. The alloying
experiments were conducted at 190 deg C as shown in Figure 5.9. It was observed from
the X-ray diffraction analysis that copper is completely alloyed into the nanowires. There
is no phase segregation of copper oxide up to 20 at% of alloying. Also, X-ray diffraction
peak shift towards the higher two theta angles suggests the lattice contraction of titania.
So, it may possible that Ti4+ ions are substituted by the Cu2+ ions. So, the copper atoms
may present in the substitutional sites of titania lattice. This experiment confirms the
alloying reaction are favorable before the decomposition temperature of the precursor.
Also, Gibbs free energy calculations of alloying reaction were performed, and it was found
that alloying reaction is more favorable at lower temperature of about 130-140 deg C. The
decomposition reaction calculated Gibbs free energy is more -ve at 220-230 deg C. So,
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these observations indicate that decomposition precursor may not be necessary to alloy
copper into the titania NWs.
Moreover, extended solubility of copper solute species into the titania NWs is
related to the excess free energy on the surface of nanostructures. It is reported that for the
nanostructures there is an additional free surface energy associated on the unsaturated nano
surfaces54, 118. Therefore, nanostructures tend to minimize the surface energy by extending
to the higher solubility limits to achieve thermodynamic stabilization. From Figure 5.16
(a), it is also observed that the alloying is not favorable in bulk titania materials. The
reaction mechanism in bulk titania material is more favorable towards the decomposition
of copper nitrate precursor reaction than the surface reaction with the titania nanowires.
So, the formation of segregated phases of titania and copper oxide is observed. This is in
line with the proposed mechanism and experimental data of favorable reaction of copper
nitrate precursor on the surface of titania NWs.
Experiments were conducted on different precursor of copper shown in Figures
5.11, 5.12, 5.13, and 5.14 indicated the role of ionic species in favoring the alloying
reaction. The liquid precursors of nitrates, acetates are more favorable than solid precursors
cu metal and copper oxide precursors for the alloying reaction. Also, the lean oxygen
environment might have favored the enhanced Ti self-diffusion coefficient and oxygen
vacancy formation in the titania lattice. As shown in Figure 5.7 (b), DSC thermogram data
suggests the alloying reaction is more favorable at oxygen lean atmosphere (under nitrogen
exposure) and decomposition reaction of precursor is favorable under the atmospheric
pressure. The reported data under the oxygen lean environment also suggests the increase
in self-diffusion coefficient of Ti and O diffusivity119. It is found out that the enhancement
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in the Ti diffusivity is due to the formation of Ti interstitials, oxygen diffusion enhancement
is due to the production of more oxygen vacancies. It is possible that the oxygen vacancies
move the towards the surface of nanowires and aide the copper atoms moving towards the
bulk of the nanowires. This could further enhance the copper nitrate reaction with the
surface of nanowires due to presence of higher density of oxygen vacancies on the NW’s
surface. So, the copper atoms diffusion in the titania lattice is promoted through the oxygen
vacancies and titania interstitials.

5.6 Chapter summary
We demonstrated a simple and general scalable method for synthesis of mixed
metal oxide nanowires from porous pristine binary oxide nanowires. In this study, porous
titania nanowires and alumina nanowires were alloyed with copper and zirconium without
any secondary phases. X-ray diffraction results show that titania could alloy up to a
nominal composition of 20 cu% without any segregated secondary phases. Alumina could
alloy up to cu 30% nominal copper composition without the secondary phases. From the
thermodynamic phase diagrams there is no solid solutions possible for both systems of
CuO-TiO2 and CuO-Al2O3 at 500 deg C. The extended solubility improvement is related
to the enhanced surface energy in nano structures compared to bulk material. Also, high
solubility for zirconia alloying into the titania NWs is observed shown up to 8 at% from
EDX elemental analysis. However, the bulk solubility of zirconia in titania is only 5 at%
at 1700 deg C. The utility of synthesized nanowires increases the UV absorption range of
titania NWs. A model for the alloying copper into the titania nanowires is proposed. Herein,
copper nitrate precursor forms a reactive intermediate non-continuous layer of copper
nanoclusters (<1 nm) on the surface of titania nanowires. The reactive intermediate could
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undergo competing reactions between the alloying and decomposition reactions. It is
hypothesized that copper atoms are dissolved by concentration gradient into the titania
NWs lattice and further undergo vacancy diffusion mechanism to diffuse into the bulk of
the nanowire material. The copper diffusion in titania lattice is promoted by oxygen
vacancies and Ti interstitials. We further demonstrate the effect the of the different flame
exposures and the size of the solvent on the alloying. Study of thermograms with the DSC
experiments and Gibbs free energy calculations indicates that the alloying of copper into
the titania could occur at lower temperature of 179.3 deg C than the decomposition
temperatures copper nitrate precursor at 225-250 deg C, and the effect of size of solvent
nanowires on alloying process has been studied. Liquid precursors of copper are shown to
be more favorable towards the alloying reaction than the solid precursors.
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CHAPTER 6 MIXED METAL OXIDE NANOWIRES AS DUAL
ATOM CATALYSTS IN DRY METHANE REFORMING
REACTION
DMR (Dry methane reforming) reaction is an environmentally important process
as it uses the greenhouse gases such as methane and CO 2120. Also, it produces a mixture of
CO & hydrogen known as syngas, a fuel gas used production of high value chemicals. The
product formation reaction is an endothermic reaction. However, rapid coke formation and
sintering of catalyst particles at high reaction temperature are the bottlenecks to the
commercialization of the DMR reaction. Also, Ni catalyst particle size is (such as > 7nm)
is known to significantly influence coke formation during the DMR reaction121. It is
hypothesized that a catalyst with atomically dispersed sites can potentially prevent coke
formation. Also, catalysts in the form of nanowires could exhibit less to no sintering at
higher reaction temperatures. Thus, the mixed metal oxide nanowires appear to be a
promising solution due to dispersion of active sites at atomic level in nanowires. Nickel
alloyed titania nanowires are proposed as a catalyst to test in DMR (Dry methane
reforming) reaction,
CH4 (g)+CO2 (g)→2CO(g)+2H2 (g)
0
∆𝐻298𝐾
= 247 𝑘𝐽/𝑚𝑜𝑙
Furthermore, the DMR reaction test results of mixed metal oxide nanowires were
compared against the metal supported nanowires.
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6.1

Nickel alloyed titania nanowires synthesis and material analysis

The samples of nickel alloyed titania nanowires were prepared using the alloying method
described in Chapter 3. Specifically, nickel nitrate was mixed in desired quantities with
titania nanowires followed by drying at 80 deg C, calcining at 500 deg C under inert
conditions for 1h to synthesize nickel alloyed titania NWs. Materials analysis was
performed using the scanning electron microscope to show morphology of nanowires with
the lengths around 4-6 micron and 150-200 nm in diameter. TEM EDX elemental analysis
on fresh catalysts indicates that the nickel is distributed uniformly as an alloyed element
throughout nanowires as shown in Figure 6.1c. Furthermore, X-ray diffraction pattern
reveals that the fresh catalyst only contains the phase of titania anatase as major phase. No
nickel oxide peaks are seen suggesting nickel is alloyed into titania nanowire and no
segregated nickel oxide particles are present on the top of the nanowires. Also, XRD peak
shift in titania peaks are observed after the alloying indicates that there are changes in the
titania lattice.
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Figure 6.1. Nickel alloyed titania sample (8 wt%) a) SEM image analysis of fresh catalyst
sample c) TEM EDX analysis of nickel alloyed titania sample c) XRD analysis of
fresh catalyst sample d) Peak shift analysis of nickel alloyed titania sample

6.2 DMR test with nickel alloyed/decorated titania nanowires
The DMR reaction was carried out in a packed bed reactor set up as shown in
Chapter 3. The reaction was carried out at atmospheric pressure using reactant gas flow
with a GHSV of 60000mlgr-1h-1, at stoichiometric ratio of 1:1 for reactants. The reaction
temperature was varied from 750-850 deg C. Figure 6.2a shows that a conversion of 7981% for CO2 and 50-53% for methane over a period of 20h is achieved at the reaction
temperature of 750 deg C. At 800 deg C the conversion increased to 93-95% for CO2 and
76-77% for methane over 10 h. At 850 deg C, the conversion for reactants as high as 9697% for CO2 and 83-86% for methane is observed over a period of 20 h. There is no carbon
deposition observed on the catalyst from TGA data and TEM EDX data.
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In comparison, as shown in Figure 6.2b, nickel particles decorated/supported on
titania nanowires yielded 96-97% conversion for CO2 and 55-58% for methane a period of
20 h. At 800 deg C the conversion increased to 98-100% for CO2 and 55-58% for methane
over 50 h. Most importantly, carbon deposition is observed in decorated nickel on titania
nanowire samples.

Figure 6.2. Nickel alloyed/decorated titania NWs sample DMR test performance a) nickel
alloyed sample b) Ni metal decorated on titania NWs, Methane and CO2 conversion
at different temperatures (at 750-850 deg C, GHSV of 60000mlgr-1h-1, feed ratio of
methane to carbon dioxide of 1).

Table 6.1 Comparison DMR catalyst performance data
Process reaction

Ni alloyed into the titania NWs
Catalyst

Dry reforming of
(CH4+CO2) conversion
to syngas

CO2/CH4, GHSV-60-300 L/h, T750-850 °C, P-1 bar
Result: CO2 conversion 80-100%
and CH4 conversion-55-86%

6.3

Ni
decorated/supported
on titania NWs
catalyst
CO2/CH4-1, GHSV60-300 L/h, T-750850 °C, P-1 bar
Result: CO2
conversion
85-100% and CH4
conversion-58-61%

DMR test spent catalyst material analysis

Furthermore, thermogravimetric analysis (TGA) was performed on the spent
materials to quantify and characterize the carbon deposits formed in both supports. A
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starting weight of approximately 20 mg was placed in a porcelain cup in the SDT-Q600
instrument. The sample was heated up to 1000˚C using a heating rate of 10˚C per minute
under the air flow of 100 ml/min. From Figure 6.3a TGA analysis on the alloyed samples
have not shown any change in weight indicating the absence of carbon deposition. On the
other hand, TGA analysis from the nickel decorated titania nanowires shows a decrease in
weight from temperatures at 508 deg C and stabilized at around 726 deg C. The observed
weight loss is due to burning of coke formed on the catalyst.

Figure 6.3. DMR reaction spent catalyst samples nickel alloyed and decorated titania NWs
TGA analysis a) spent catalyst sample of nickel alloyed titania NWs b) spent catalyst
sample of nickel decorated on titania NWs
Several characterization analyses such as SEM image analysis, X-ray diffraction analysis
and TEM EDX analysis was performed on both the alloyed and supported catalysts to
understand the catalyst durability. The XRD analysis of fresh and spent sample of nickel
decorated catalyst shown that there is change of phase of titania from anatase to rutile. See
Figure 6.4, Also, the nickel oxide in the fresh sample is converted to the nickel metal during
the reduction reaction. TEM EDX analysis on the fresh sample shows well dispersed nickel
on the titania NWs and absence of carbon. However, the spent sample contains larger
sintered nickel particles along with carbon deposits.
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Figure 6.4. Nickel decorated titania NWs a) X-ray diffraction analysis of fresh catalyst
sample and spent catalyst sample of the dry methane reforming reaction c) TEM EDX
analysis of fresh catalyst sample d) TEM EDX analysis of spent catalyst sample of
the DMR testing.

In contrast, the SEM image of nickel alloyed titania spent sample in Figure 6.5
shows that the nanowire morphology is still retained even after the 50h on the stream. Also,
X-ray diffraction analysis shows the presence of alloy phase of Ni4Ti3. Moreover, the TEM
EDX analysis clearly indicates there is no coke deposit in the spent sample and nickel is
distributed uniformly throughout nanowires like that of fresh sample. The alloyed sample
with no carbon deposition and no changes with structure suggest durability with
performance compared to supported catalyst. In the case of supported nanowire catalysts,
the deposition of carbon could block the active sites of the catalyst sample and the sintering
nickel particles could heavily promote coke deposition. Also, it is observed that there is a
slight decrease in the performance of nickel supported catalyst as the reaction proceeds.
This could further support the argument of catalyst surface is modified compared to the
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fresh catalyst. The proposed mechanism of alloyed catalyst is shown in Figure 6.5e. Nickel
alloying in titania could create the oxygen vacancies on the titania surface. This could
provide the surface with oxygen vacancy next to the nickel atom. This synergy on the
titania nanowire surface could enhance performance of the catalyst. As shown in Figure
6.5e, the carbon dioxide could chemisorb on the oxygen vacant site and on the methane,
molecule could favor to react on the nickel surface. The reported data shows that the
activation of methane on the nickel surface is the rate limiting step in the DMR reaction122.
Ni site along with oxygen vacancy could lead to dual atom type catalyst. The synergy of
Ni alloying into the titania NWs is contributing to the higher performance of the catalyst.
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e)

Figure 6.5. Nickel alloyed titania NWs spent catalyst sample of DMR reaction a) SEM
image analysis b) &d) TEM image and EDX analysis of spent sample showing the
distribution of nickel and titania c) X-ray diffraction analysis of spent sample in
comparison with fresh sample e) Molecular level depiction of proposed DMR reaction
mechanism on Ni alloyed titania NWs

6.4

Chapter summary
The chapter summarizes experimental results obtained with dry methane reforming

reaction using mixed metal oxide nanowire catalysts. The use of mixed metal oxides
specifically with nickel alloyed titania represent as first of its kind single or dual atom
nanowire catalysts for DMR reaction. The catalyst activity of nickel alloyed into the titania
nanowires sample is 96-97% for CO2 and 83-86% for methane conversion to more than 50
hours. In comparison, nickel supported on commercial titania nanowires exhibited activity
of 98-100% for CO2 and 55-58% for methane conversion over 50 h. The spent samples
SEM image analysis, X-ray diffraction analysis, TGA analysis and TEM EDX analysis
provided more insights into the catalyst performance. The deposition of carbon on the
catalyst surface lead to the blocking of the active sites and decrease in efficiency of catalyst
from the sintering of nickel particles is observed in nickel decorated titania nanowire
samples. The alloyed nickel titania sample is resistant to the coking and catalyst surface
modifications and showed durability over temperature range and time. This is due to the
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dual type of catalyst sites were formed on the nickel alloyed titania surface. Also, this helps
in promoting the activation of methane on the nickel sites and CO 2 activation on the oxygen
vacant site.
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CHAPTER 7 APPLICATION OF POROUS TIN OXIDE
NANOWIRES IN ELECTROCHEMICAL CONVERSION OF
CO2
7.1

Introduction
Despite significant progress in the field of carbon-neutral renewable energy

production, global atmospheric CO2 concentration continues increasing and has reached a
level unprecedented in human history (~ 400 ppm).123 There is growing concern this could
have potentially devastating consequences from the associated CO 2 greenhouse gas
effects.124-126 Thus, both the development of a carbon-neutral economy and the fixation of
human sources of CO2 emissions are of prime importance in current research efforts. 127
Numerous CO2 fixation technologies such as the transformation of CO 2 to carbonate
salts,128 formation of carbamates,129,

130

chemical conversion,131 and photo- or

electrochemical reduction into useful products132, 133 are emerging rapidly. Electrochemical
conversion of CO2 is especially advantageous as it facilitates the conversion of CO 2
emissions into energy-dense and higher value chemicals such as syngas, ethanol, etc.
Liquid products (e.g., formic acid, ethanol) produced via the CO 2 electrochemical
reduction process are particularly suited for the energy-dense storage of electrical energy
from renewable sources for use at night, during periods of off-peak demand, or in
transportation applications.134, 135
However, achieving a simultaneously high product selectivity and conversion rate
is challenging due to high kinetic barriers and the myriad possible reaction pathways for
CO2 reduction. Numerous elemental metals (e.g., Ag, Au, Cu,), oxide-derived metal
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nanostructures (e.g., reduced CuOx, SnOx), carbon nanomaterials (N-doped graphene,
carbon nanotube arrays, carbon nanofibers) and metal complexes (e.g., copper complex)
have been investigated as catalysts for CO2 reduction in search of a practically viable
electrochemical CO2 recycling process.132, 133, 136, 137 Particularly, Sn and related catalysts
(e.g., Sn/SnOx) are more selective for HCOOH formation, which is usable as a fuel in direct
formic acid fuel cells (DFAFC).138-140 HCOOH has recently shown promise as a basis for
a hydrogen storage technology.141, 142 Despite a low H2 mass content (4.4 wt%), formic
acid is an attractive H2 storage media due to its low volatility (vapor pressure of 40 mmHg
at 20°C), stability, portability, and comparably high volumetric capacity (53.4 g H2/L at
ambient temperature and pressure) in comparison to current state-of-the-art H2 storage
materials (e.g., chemical hydride and liquid hydrogen).142
Recent work has shown pure elemental Sn with the native oxide layer chemically
removed did not appreciably reduce CO2 at relevant potentials.140 The native oxide layer
was reported to facilitate the CO2 reduction, but only at > 0.8 V overpotential with a current
density of only 3 – 4 mA cm-2.143 The HCOOH formation faradaic efficiency (F.E.) and
CO2 reduction reaction rate are highly sensitive to the oxide layer thickness, 144 nanoparticle
catalyst size,139 and experimental conditions (e.g., pH of the electrolyte).145 Some studies
have modestly enhanced the HCOOH formation ability of Sn-based catalysts by varying
the oxide layer thickness on hierarchical catalyst nanostructures without altering the
original active sites.139, 146
On the other hand, grain boundaries (GBs) are proposed to be enhanced active sites
for CO2 and CO electrochemical reduction into valuable products due to their favorable
electronic and chemical properties.147-149 In particular, computational studies have
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suggested that the broken local spatial symmetry near a GB tunes the binding energy of the
reaction intermediate facilitating CO2 electrochemical reduction.150 GBs in a Sn catalyst
are thus predicted to enhance HCOOH formation, particularly in terms of selectivity and
overpotential. We therefore synthesized SnO2 porous nanowires (Sn-pNWs) with a high
density of GBs with a scalable plasma synthesis technology and characterized their CO2to-HCOOH formation ability. Our results confirm that Sn-pNWs with a high GB density
began reducing CO2 at a lower overpotential (~350 mV) and with > 10x higher current
density compared to crystalline SnO2 nanowires (Sn-NWs) without grain boundaries.

7.2

Material analysis of the porous tin oxide NWs
e)

Figure 7.1. Experimental data of a)&b) SEM image analysis c)&d) TEM image analysis
and, e) X-ray diffraction analysis of as synthesized and porous tin oxide nanowires
The SnO2 porous nanowires (Sn-pNW) catalysts explored in this work were derived
from a potassium-rich SnO2 nanowires form (Sn-NW) synthesized by a previously
described scalable solvo-plasma technique (see materials and methods chapter for more
details).151 The morphology of the as-synthesized nanowires was consistent with an
absence of any observable structural defects (Grain Boundaries-GBs) even at the nanoscale
(Figure 7.1c inset). However, after an acid etch treatment in 0.5 M HCl and a subsequent
annealing process, the morphology of the Sn-NWs changed drastically into the Sn-pNW
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catalyst type with the wire-like morphology converted into porous nanowires where
individual nanodomains are observed to be interconnected through GBs (Grain
Boundaries) (Fig. 7.1d). The formed GBs are clearly visible in the high-resolution TEM
Image (Figure. 7.1d inset).

7.3 Electrochemical testing of tin oxide NWs with cyclic voltammetry
Catalyst electrochemical characterization was conducted in CO 2-saturated 0.1 M
KHCO3 solution (Figure 7.2a) by casting particles on a porous carbon gas diffusion layer
(GDL) substrate. CO2 reduction polarization curves illustrated that Sn-pNWs exhibited ~10
mA cm-2 current density at -1.0 V vs. RHE. At the same potential, 0.7 mA cm-2 current
density was recorded for Sn-NWs. Note that current densities were determined based on
the geometrical surface area of the electrode with equal catalyst mass loadings per area. A
straightforward interpretation of this data would be to assume that the Sn-pNW current
density increased relative to the Sn-NWs due to an increase in the catalyst surface area
after the acid etch and concomitant increase in the number of active sites. This hypothesis
was tested by comparing the Sn-pNWs catalyst performance with commercially available
SnO2 nanoparticles (Sn-NPs, diameter ~15 nm) measured to have a high surface area per
mass (~55 m2/g), as determined by a gas adsorption method. This type of Sn-NP with a
native oxide layer has been reported as an effective CO 2 reduction catalyst due to an
optimal binding energy of the intermediate CO2 radical.139, 140 The surface area per mass of
the Sn-pNWs (~35 m2/g) was measured to be lower than the commercial Sn-NPs, yet ~6
times higher than that of the Sn-NWs (~6 m2/g) before the acid etch treatment. Despite this,
the Sn-pNWs exhibited more than twice the current density of the Sn-NP (Sn-nano particle)
catalysts (~10 mA cm-2 compared to ~4.1 mA cm-2 at -1.0 V vs. RHE, Fig. 2a) and roughly
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twelve times higher current density than Sn-NWs (~10 mA cm-2 compared to ~0.82 mA
cm-2 at -1.0 V vs. RHE, Fig. 7.2a). Thus, catalyst surface area alone cannot account for the
observed increase in electrocatalytic activity. Instead, the results are consistent with an
increase in the density of active sites or the introduction of new types of active sites during
the transformation into the porous nanowire form. Guided by the TEM and BET analysis
and previous studies on the effects of GBs and nanopores in catalysts,147, 149

Figure 7.2. CO2 electrochemical reduction performance data (a) J-E curves obtained in
CO2-saturated 0.1 M KHCO3 solution for reduced Sn-NWs, Sn-NPs, Sn-pNWs, and
bare GDL (substrate). Faradaic efficiency vs. potential collected over 2 h at each
potential for (b) all carbon products, (c) HCOOH, and (d) CO. (Hydrogen was the
only other species detected during the experiments)
Figure 7.2b shows the faradaic efficiency (F.E.) trends of the total C-products
obtained for Sn-NWs, Sn-NPs, and Sn-pNWs as a function of applied potential. Only CO,
H2, and HCOOH were identified as products during the electrochemical process. At
potentials more cathodic than -0.5 V vs. RHE, the total F.E. for all carbon products
increased to a maximum of 55%, 70%, and 87% for Sn-NWs, Sn-NPs and Sn-pNWs,
respectively. Additionally, the Sn-pNWs displayed superior C-product selectivity at each
potential, further indicating that the GB sites and nanoporous morphology assist in
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improving the rate of CO2 reduction preferentially over hydrogen evolution (Figure 7.2b).
For the Sn-pNW catalysts, HCOOH was identified as a product at -0.55 V vs. RHE (Fig.
5.2c), corresponding to an overpotential of only ~0.35 V (Eº for the CO2/HCOOH reaction
is -0.2 V vs. RHE in aqueous media).137, 140 The observed overpotential is close to the
reported value (~340 mV) for one of the most active HCOOH production catalysts, i.e.,
reduced SnO2 nanoparticles on graphene measured under similar conditions in 0.1 M
NaHCO3.139 At this potential, Sn-NWs and Sn-NPs were not able to reduce CO2 into
HCOOH, indicating insufficient driving force to overcome the rate-limiting step and/or
relatively poor binding of the intermediate species.140 Notably higher overpotential (~400
mV) at the onset voltage was observed for both Sn-NPs and Sn-NWs. Above the onset
potentials, HCOOH formation F.E. continued increasing and attained a maximum value of
78%, 56%, and 45% F.E. for Sn-pNWs, Sn-NPs and Sn-NWs, respectively (Fig. 4.6c). The
results indicate an enhanced HCOOH selectivity of the electrochemically reduced Sn-pNW
catalysts relative to the other Sn catalyst nanostructures. CO was the only other identified
carbonaceous product (Figure 7.2d). However, the F.E. for CO formation remained < 20%
for all catalyst types in the measured potential range.

7.4

Electrocatalyst stability analysis

We also conducted extended chronoamperometric stability experiments for 15
hours for each of the catalysts, including the bare porous carbon GDL substrate, and
examined the product distribution patterns with respect to time at an applied potential of 0.8 V vs. RHE. Gaseous products were measured at 30 min intervals while the liquid
product HCOOH F.E. was calculated at the end of the experiments, i.e., after 15 hours. All
the catalyst types displayed a relatively stable performance during this period. At this
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potential, overall C-product (HCOOH + CO) faradaic efficiencies of ~92%, ~76%, and
~75% were obtained for Sn-pNWs, Sn-NPs, and Sn-NWs, respectively, with only ~5%
observed for the substrate control measurement (Figure 7.3). The results confirm that the
active CO2 reduction sites occur primarily on the Sn nanostructured catalysts as opposed
to the underlying substrate, and the observed carbonaceous products cannot be attributed
to decomposition of the GDL or electrolyte.

Figure 7.3. Catalyst stability: Current density (black line) and product faradaic efficiency
(F.E.) vs. time for (a) a bare porous carbon GDL substrate; (b) Sn-pNWs; (c) Sn-NPs;
and (d) Sn-NWs. In each case, the potential was maintained at -0.8 V vs. RHE.
The listed faradaic efficiency for HCOOH in each case was determined by NMR
analysis of the liquid electrolyte after the 15 h experiments. The CO2-to-HCOOH F.E.
determined at the end of the stability measurements at -0.8 V vs. RHE for the Sn-pNW
catalysts (F.E. ~80%) was 1.4x and 1.8x higher than that of Sn-NPs (F.E.~58%) and SnNWs (F.E.~45%), respectively. The reduced overpotential and increased C-product
selectivity of the Sn-pNWs with high-density GBs and nano porous morphology suggest
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an improved binding energy of CO2 reduction intermediates and direction of protons to
HCOOH formation rather than H2 production.150

Figure 7.4. Comparison of the catalyst activity for formic acid formation (a) Measured BET
surface area per catalyst mass and partial current density of formic acid production,
JHCOOH, of Sn-NW, Sn-NP, and Sn-pNW catalysts. Partial current density was
calculated at –0.8 V vs. RHE. (b) Overview of various reported catalysts performance
for HCOOH production from electrochemical CO2 reduction in aqueous electrolyte.
Here the letters represent: Sn-pNWs, Sn-NWs and Sn-NPs (this study), A – Sn
plate,152 B - SnOx/carbon black,139 C - Sn dendrite (heated),146 D - SnOx/graphene,139
E - Sn metal electrode,143 F - Sn foil,153 G - Cu57Sn43,154 H - Sn dendrite (heated),146 I
- Sn dendrite,146 J - Sn6O4(OH)4,138 and K - Sn/SnOx/Ti140.
A more comprehensive metric for the formic acid productivity of the catalysts is
the partial current density of HCOOH formation, JHCOOH, (current density times the
faradaic efficiency), since it incorporates both selectivity and the reaction rate.155, 156 The
HCOOH partial current density along with the measured BET surface area per catalyst
mass for each of the catalyst types is presented in Figure 5.4a. The surface area per mass
of the Sn-pNWs is ~6 times higher than that of the Sn-NWs but the JHCOOH is a factor of ~
30 greater. Compared to the commercial Sn-NPs, the surface area per mass of the Sn-pNWs
is lower, but the JHCOOH is still more than 3x higher than that of the Sn-NPs. These results
further suggest that the high catalytic activity is mainly due to the increased density of GBs
and nanoporous morphology of the Sn-pNWs and cannot be attributed strictly to increased
electrochemical surface area. Here it should be noted that the nanopores are also considered
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highly active sites where the curved internal surface offers not only a large number of active
sites but also provides optimal binding sites for CO 2 reduction intermediates during
electrochemical conversion.157 Therefore, GBs within the nanopores could have a high
impact on CO2 reduction activity.

7.5 Chapter summary
An application of porous tin oxide nanowires with the high-density grain
boundaries for CO2 electrochemical reduction to formic acid has been studied. It is
concluded that the high-density grain boundary structure is a primary factor in the observed
enhancement of the selectivity and rate of HCOOH formation and associated minimization
of the H2 evolution reaction during the electrochemical reduction of CO 2. The results for
the Sn-pNWs were also compared to related literature-reported catalysts to show that this
nanostructure can reduce CO2 to formic acid more efficiently than current state-of-the-art
electrodes including Sn nanoparticles with a native oxide layer deposited on graphene as
well as heat-treated Sn nano dendrite structures. Electrochemically reduced SnO2 porous
nanowire catalyst (Sn-pNWs) with a high density of grain boundaries (GBs) exhibits an
energy conversion efficiency of CO2-into-HCOOH higher than analogous catalysts.
HCOOH formation begins at lower overpotential (350 mV) and reaches a steady Faradaic
efficiency of ca. 80 % at only -0.8 V vs. RHE. With the demonstrated high selectivity for
HCOOH formation, high current density at relatively low overpotential, high cathodic
energy efficiency, robust chemical stability, and synthesis via a scalable plasma technique
with demonstrated promise for bulk nanoparticle production, these Sn porous nanowire
catalysts have promise for commercial conversion of waste CO 2 to valuable formic acid
product.
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORK
8.1 Results summary and conclusions
This dissertation work demonstrated the synthesis of binary porous tin oxide NWs,
porous titania nanowires, porous alumina NWs using the solvo plasma method and wet
chemical method. Most importantly, a viable method for the synthesis of mixed metal oxide
nanowires from ex-situ alloying of binary oxide nanowires with various solutes,
applicability to the several material systems, and understanding the mechanistic steps of
alloying reaction. In this concept, different precursors of solutes in the form of either solid
hydroxides or liquid precursors of nitrates is mixed with the synthesized nanowires and
subjected to calcination at different temperatures under inert atmosphere. Results showed
that the alloying depended upon the physical state of the precursor. Several experiments
were conducted using in-situ TEM and differential scanning calorimetry to understand the
underlying mechanism involved. Based on the results, a mechanism is proposed for the
solid-state alloying process with the nanowires. Furthermore, as an examples porous tin
oxide nanowire are demonstrated for the formic acid formation from the electrochemical
CO2 reduction reaction and nickel alloyed titania NWs as a dual atom catalyst for the dry
methane reforming reaction. Results showed that the alloying of nickel into the titania
yielded the superior performance in comparison to the nickel decorated titania catalyst.
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First set of experiments were performed using copper nitrate as precursor for
alloying with titania nanowires. Results showed complete alloying of titania with
concentration of copper up to 8 at%. The results were confirmed using X-ray diffraction
and TEM EDX elemental mapping analysis. In-stitu TEM experiment was conducted with
the thin layer of copper metal deposited on titania nanowires. Results indicated the
formation of segregated copper particles on the surface of the titania nanowires. This could
be related to the metal precursor alloying reaction is not selective to the formation of
alloyed titania nanowires, and the precursor reaction with titania is favorable to the
formation of copper oxide. Also, experiments were conducted with the copper oxide and
copper acetate precursors for the alloying reaction with titania nanowires. Materials were
analyzed with the DSC analysis and X-ray diffraction peak shift analysis. Results with
copper acetate precursor indicated the feasibility of alloying reaction. On the other hand,
results with copper oxide shown completely segregated phases of titanium dioxide and
copper oxide. Alloying reaction studies on titania nanowires with the precursors copper
nitrate, copper acetate, copper metal, and copper oxide confirm that the alloying reactions
are favorable with the liquid precursors than the solid precursors. Also, it is confirmed that
the uniform layer of solute on solvent nanowires is not necessary for uniform alloying.
For the general applicability of solid-state alloying method, similar concept applied
for alloying of zirconium into the titania nanowires, copper into the alumina nanowires,
and cobalt into the zinc oxide nanowires. Results indicated higher solubility of copper 18
at% into the alumina nanowires, upto 8 at% of zirconium into the titania nanowires, and
up to 20 at% of cobalt into the zinc oxide nanowires. All the results were confirmed with
the X-ray diffraction and TEM EDX elemental analysis. It is demonstrated from the results
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that the alloying method could be expanded to the alloying of precursors into the other
mixed metal oxide nanowire materials. Although, these materials thermodynamically do
not favor the higher solubility of solutes from the thermodynamic phase diagram; the
alloyed experimental results strongly suggest the formation of alloys. The apparent
extended solubility could potentially attribute to the available higher surface energy at
nanoscale.
Additionally, the effect of size of solvent material on the solubility of solute
material is studied with bulk titania loaded copper nitrate. The results shown that bulk
titania is not alloyed with copper solute, the formation of segregated copper oxide and
titania were as the products. This result could ascribe to the higher surface energy available
at the nano scale than the bulk material surface. In addition, to understand the influence of
flame atmosphere in favoring the oxygen vacancies formation and to promote the extended
solubility of solute materials. Copper coated titania samples were alloyed under the flame
environments of hydrogen and nitrogen plasma. However, the results showed the
segregated phases copper oxide, copper, and titania. This result may be an effect of rapid
reactions under the high energy flame environments.
Furthermore, DSC experimental analysis was performed to identify the reaction
temperature of the alloying process, effect of ambient conditions on the alloying process.
These experiments were conducted on the copper nitrate as precursor on the titania
nanowires. The results showed the DSC peaks corresponds to the temperatures range of
175-180 deg C and 240-250 deg C. Additional controlled DSC experiments shown that the
first stronger peak corresponds to the alloying reaction, whereas second weaker peak is
correlated with the copper oxide formation from the decomposition reaction of copper
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nitrate. Moreover, Gibbs free energy of hypothetical alloying reaction and decomposition
of copper nitrate as a function temperature is calculated. Based on the calculations, Gibbs
free energy of the titania with copper nitrate alloying reaction is favored at a lower
temperature of 140 deg C, decomposition reaction of copper nitrate is favored at a
temperature of 227 deg C. The obtained reaction Gibbs free energy calculations are in
correlation with the DSC experimental data. It is most important to understand that the
alloying reaction is competing with the decomposition reaction of nitrate precursor.
A hypothetical mechanism for the alloying of copper into the titania nanowires has
been proposed based on experimental and theoretical information. Herein, copper nitrate
precursor forms a non-continuous layer of copper nanoclusters (<1 nm) on the surface of
titania nanowires. The intermediate layer could undergo competing reactions of alloying
and decomposition. In alloying reaction, it is hypothesized that copper atoms are dissolved
through the surface of titania NWs and undergoes the vacancy diffusion mechanism to
diffuse into the bulk of the nanowire material. The vacant oxygen sites would counter
diffuse to the surface of titania NWs during the bulk diffusion of copper atoms. This will
further enhance the oxygen vacancy density on the surface of titania NWs and promote the
copper nitrate reaction on the surface of titania nanowires.
Also, nickel alloyed titania nanowires were used in dry methane reforming reaction.
This catalyst is compared with the nickel supported on titania. The activity of nickel alloyed
titania nanowires yielded 96-97% for CO2 conversion and 83-86% for methane conversion.
The reaction was carried out for more than 50 hours for catalyst stability testing. In
comparison, nickel supported on titania nanowires exhibited activity of 98-100% for CO2
conversion and 55-58% methane conversion. The nickel alloyed titania catalyst showed
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superior performance for dry methane reforming reaction in comparison to the nickel
supported titania catalyst. In addition, the fresh and spent catalyst samples were analyzed
with SEM image analysis, X-ray diffraction analysis, TGA analysis and TEM EDX
elemental analysis. Material characterization results indicated that the fresh and spent
catalyst of nickel alloyed titania are very similar. Whereas nickel supported titania samples
morphology and composition was changed. Furthermore, materials characterization data
revealed more insights into the catalyst performance such as the deposition carbon on the
catalyst surface and sintering of nickel particles observed in nickel decorated titania
nanowire catalyst. These results would confirm that the alloying in the nanowires helped
with no carbon deposition on the catalyst surface and preventing the sintering of nickel
particles at higher operating temperatures. The dual type of catalyst sites helped in
activation of methane on the nickel surface and CO2 activation on the oxygen vacant site.
An application of porous tin oxide with high grain boundaries for CO2 reduction
performance of porous Sn-pNWs, Sn-NWs, and Sn-NPs has been studied. It is concluded
that the high-density grain boundary structure is a primary factor in the observed
enhancement of the selectivity and rate of HCOOH formation and associated minimization
of the H2 evolution reaction during the electrochemical reduction of CO2.
Electrochemically reduced SnO2 porous nanowire catalyst (Sn-pNWs) with a high density
of grain boundaries (GBs) exhibits an energy conversion efficiency of CO 2 -into-HCOOH
higher than analogous catalysts. HCOOH formation begins at lower overpotential (350
mV) and reaches a steady faradaic efficiency of ca. 80 % at only -0.8 V vs. RHE. The
results for the Sn-pNWs were also compared to the literature-reported catalysts. The
reported data show that Sn-pNWs can reduce CO2 to formic acid more efficiently than the
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current state-of-the-art electrodes. This includes Sn nanoparticles with a native oxide layer
deposited on graphene as well as heat-treated Sn nano dendrite structures. With the
demonstrated high selectivity for HCOOH formation, high current density at relatively low
overpotential, high cathodic energy efficiency, robust chemical stability, and synthesis via
a scalable plasma technique with demonstrated promise for bulk nanowire production,
these Sn porous nanowire catalysts have promise for commercial conversion of waste CO 2
to valuable formic acid product.
To summarize, a viable, simple, and scalable method for the synthesis of mixed
metal oxide nanowires has been demonstrated. It is based on the ex-situ solid state alloying
of binary oxide nanowires with various solutes. Versatility of the method is validated by
the synthesis of several mixed metal oxide NWs. Also, uniform ALD (atomic layer
deposition) thin layer of solute is not necessary to obtain the mixed metal oxides nanowires.
Extended solubility of solutes is obtained by using the solvent materials at nanoscale,
potentially used to make various mixed metal oxide nanowires. A hypothetical mechanism
for the alloying of copper into the titania nanowires has been proposed based on
experimental data analysis. Also, mixed metal oxide nanowires of nickel alloyed titania
showed superior performance for dry methane reforming reaction in comparison to the
nickel supported titania catalyst. This is because of no carbon deposition on the catalyst
surface and prevention of sintering of nickel particles at higher operating temperatures. The
applicability of porous nanowires is verified with CO 2 electrochemical conversion to
formic acid. The adsorption of reaction intermediates is favored by the presence of internal
pores and by the presence of grain boundaries of the nanowires.
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8.2 Recommendations for future work
Surface energy of nanowires is a key thermodynamic parameter in expanding the
solute solubility in the nanowires. Although, this dissertation explained the solubility limit
of the solutes, it is helpful to calculate the surface energy of NWs to estimate the solubility
limit of solutes. Experimental determination of surface energy could be performed on the
nanostructured materials by using the high temperature oxide melt calorimetry method.
This technique uses a calvet type twinned microcalorimeter. It involves the dissolving the
oxide mixture in molten lead borate at temperature T=973 K or T=1073 K. The difference
in heat of solution or heat of drop of solution between the products and reactants gives the
enthalpy of reaction. The value of enthalpy of reaction could be used to determine the
Gibbs free energy as a function of temperature and to calculate the solubility limit of solute
in the solvent material.
In this dissertation, X-ray diffraction analysis and TEM EDX elemental analysis
are used to determine the lattice changes with alloying, distribution of alloyed atoms in the
nanowires. However, to obtain more detailed information such as oxidation state solute in
the alloyed material and chemical environment within the host lattice, X-ray absorption
fine Structure spectroscopy (XANES (near-edge spectroscopy), EXAFS (extended X-ray
absorption fine structure)) could be used. In the X-ray absorption spectroscopy, a core
electron is excited to an empty state and X-ray absorption probes the unoccupied part of
electronic structure of the system. This experiment would provide the information of
alloyed atoms in the substitutional or interstitial sites. Furthermore, it will also provide
additional details such as oxidation state of solute atoms, coordination number, distance of
neighboring atoms, and disorder of neighboring atoms. Also, electron energy loss
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spectroscopy (EELS) experimental analysis could be performed to extract the more
information about the oxygen vacancies distribution along the surface to bulk of the
nanowires. This would provide insights into the vacancy promoted diffusion mechanism.
Also, thermodynamic solubility of solutes could increase with the decrease in the
dimensions of the solvent nanowires. Experimental studies related to the decrease in the
diameter of nanowire could be performed. It is reported that the hydrogen plasma etching
could reduce the dimensions of solvent nanowires. So, experimental studies under mild
hydrogen plasma environment could be performed on the solvent NWs.
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